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ABSTRACT 
 
Intermediate and low level radioactive waste is planned to be disposed of in deep 
underground repositories where the waste packages will be surrounded by layers of 
engineered and geological barriers. In the event of leakage and mobilisation of 
radionuclides from the canisters, radionuclides may be transported by groundwaters 
into the Geosphere, where radionuclide mobility may be retarded by sorption to the 
geological host rock. However, colloidal particles, which provide large surface area 
per mass, may potentially enhance the transport of radionuclides. 
 
The mobility of radionuclides through the Geosphere depends greatly on the sorption 
and desorption of radionuclides with the host rock. However, the presence of 
colloidal particles may influence the transport of radionuclides. Given a stable and 
mobile colloidal suspension which sorbs radionuclides onto its surface in a reversible 
manner, the radionuclide may be transported along with the colloidal suspension.  
The work presented in this thesis aims to contribute to understanding the role of 
inorganic colloids in contaminant transport through the Geosphere. 
 
Colloids are small and metastable particles which can be transported long distances 
with groundwater. This mobility is determined mainly by the stability of colloids, as 
unstable colloids tend to coagulate, thus reducing significantly colloidal transport. 
 
Stable colloids present in groundwater may sorb radionuclides onto them. Given an 
irreversible interaction, where a strong sorption is followed by a weak or no 
desorption, radionuclides may be transported until the colloids flocculate, becoming 
immobilised. On the contrary, a reversible interaction, where a weak sorption is 
followed by desorption, may lead to a scenario where the radionuclide is 
immobilised by sorption to the host rock.  
 
Given the importance of the reversibility of the sorption of radionuclides to inorganic 
colloids on the fate of contaminant transport through the Geosphere, the interactions 
of three metals (Cs+, Ni2+ and Eu3+) with boehmite and montmorillonite colloids has 
been investigated by means of sorption and desorption batch experiments.  
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Data on the sorption of metals onto colloids (and solid surfaces) is generally 
expressed in terms of distribution ratio, Rd. The results showed that the Rd, and 
hence, the sorption, generally increased with the ionic charge of the metal. The Rd 
value, however, depends on the specific experimental conditions of the experiment, 
making comparison with existing literature difficult. Moreover, in the case of 
sorption onto colloidal particles, the distribution ratio also depends strongly on the 
size distribution of the colloids, as the surface provided by colloids for sorption may 
vary with the size of the colloids. 
 
The number of investigations carried out in the literature on contaminant sorption 
onto solid surfaces is much greater than those carried out on colloidal surfaces. As a 
result, the data available on distribution ratios for metal sorption onto solid surfaces 
is greater than that available onto colloidal surfaces. Assuming that the main 
difference between a solid surface and a colloidal surface is the difference in surface 
area, one could assume that the distribution ratios of a metal on a colloid and a solid 
are related by the specific surface area. An attempt was made to test a mathematical 
model whereby the Rd values were related by the ionic charge of the metal and the 
specific surface areas of boehmite colloidal and solid particles. Other surface 
properties, like proton exchange capacity, were tested for the same model. 
 
Desorption experiments help understand the extent of the reversibility of the 
sorption. The sorption of metals onto both boehmite and montmorillonite was found 
to be reversible, except in the case of Eu3+ sorption onto montmorillonite, which 
desorbed from the colloids in an amount less than a 5% of that which would be 
expected for a reversible system.  
 
Organic colloids, such as humic acids, are present in natural groundwaters. Although 
their structure is not yet clear, the large number of functional groups make humic 
acids organic complexing ligands which may influence the interaction of metals with 
inorganic colloids or surfaces, and may, therefore, influence the mobility of 
radionuclides through the Geosphere. In this work, the influence of humic acid on the 
sorption of Cs+, Ni2+ and Eu3+ on boehmite colloids was studied, observing a 
decrease in the sorption of metals onto the colloids. The interaction of humic acids 
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with boehmite colloids was also assessed, as the net negative charge of humic acids 
tended to neutralise the net positive charge of boehmite colloids and thus led to the 
flocculation of the colloids. 
 
Ternary systems, constituted by metals, solid surfaces and humic acids has been 
generally modelled with the linear additive model. Its applicability on colloids has 
not been tested as much as on solid surfaces, but generally, a slight modification has 
been needed for success. In this work, the linear additive model was tested on the 
experimental results. 
 
The transport of radionuclides associated to inorganic colloids has been assessed by 
means of column experiments. A radiometric technique consisting of radiolabelling 
inorganic silica colloids with 152Eu spike was used to detect and quantify the 
migration of silica colloids through a sand column. Furthermore, the same method 
was used to investigate the migration of 137Cs associated to silica colloids through a 
sand column. The mobility of the radionuclide through the sand column was found to 
be enhanced by the silica colloids. 
 
Overall, the investigations carried out in this thesis demonstrate that inorganic 
colloids may influence the mobility of radionuclides in the Geosphere by enhancing 
their transport and should thus be considered in the performance assessments of deep 
underground repositories. 
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ORGANISATION OF THIS REPORT 
 
This report is divided into chapters concerning the influence of colloids on the 
sorption and transport of radionuclides through the Geosphere. 
 
Chapter 1 introduces the need to consider colloids when considering risk assessment. 
A short introduction to colloids and their stability is followed by a description of the 
inclusion of colloids in radionuclide transport. Examples given demonstrate the need 
to fully understand the interactions of colloids and radionuclides. 
 
Chapter 2 describes the binary interaction between metals and colloidal mineral 
phases. By modelling the sorption isotherms, distribution ratios are collected. 
Desorption experiments provide quantitative measurements of the reversible 
behaviour of the metals under examination. Futhermore, a modelling approach was 
used in an attempt to predict the distribution ratios of metals on the colloidal phase 
by extrapolating from those distribution ratios found on the solid phase. 
 
Ternary systems including humic acids were investigated in Chapter 3, where the 
influence of humic acids on the sorption of the binary metal colloid system was 
measured. The linear additive model was applied to the experimental results. 
 
The mobility of colloids through a column was investigated in Chapter 4, as well as 
the effect of colloids in the migration of radionuclides through the column. The 
colloids were radiolabelled with 152Eu from early stages of the synthesis process, 
allowing the colloids to be detected radiometrically along the column. 
 
Chapter 5 concludes with a summary of the most relevant findings of the thesis. 
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Chapter 1. INTRODUCTION 
 
Long term disposal of low level and intermediate level radioactive waste includes 
interim storage and then disposal in deep underground repositories. Due to the long 
half-life of the radioactive waste, the underground facilities should be designed to 
ensure isolation of the waste packages even after hundreds of thousands of years. 
However, because of the long time scales involved, radionuclides may eventually be 
released to the Geosphere by mobilisation and transport in groundwater 1. 
 
Performance assessment of potential nuclear waste repositories requires a thorough 
understanding of physico-chemical and engineering aspects of the waste packaging, 
the geological disposal facility as well as the geological environment surrounding the 
facility. To prevent radionuclides from being released into the environment, both 
engineered and geological barriers are considered. The former is constituted by 
backfill or buffer material which can act as a retardant for radionuclides. The latter 
consists of the host rock geology, which provides a long groundwater travel time for 
dispersion and retention of radionuclides by sorption to the surrounding solid matrix 
2
. 
 
Retention or retardation may occur mainly by sorption onto the surface of the host 
rock. Nonetheless, the presence of mobile, sorbent particles may reduce the 
effectiveness of retardation of radionuclides 2. These small particles released from 
the host rock may have the same sorptive capacity as the host, but may provide a 
large surface which contaminants may sorb to. The mobility of these colloidal 
particles may lead to an enhancement of the transport of the contaminants. 
 
1.1. Basics of colloid chemistry 
1.1.1. Definition and stability of colloids 
Colloids are particles which size range 1 to 1000 nm, being generally smaller than 
the pores in permeable and fractured media. These particles, are sufficiently stable to 
form another phase to the aqueous phase and sufficiently “small” to undergo 
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Brownian motion 3. Colloids possess a large surface area to volume ratio 4 and can 
thus act as a sorbent of contaminants. 
 
The stability of a colloidal system depends on the net energy balance of two forces: 
the Van der Waals attractive forces, and the repulsive, electrostatic forces which 
prevent the particles from colliding 4. The DLVO (Deryajin-Landau-Verwey-
Overbeek) theory is a quantitative model for predicting the stability of colloidal 
systems based on the summatory of both attractive and repulsive forces and the 
distance between the particles 4. When particles undergoing Brownian motion collide 
with sufficient energy to overcome the long range repulsive forces, then the attractive 
forces will lead to a minimum in the potential and thus aggregation may occur 5. A 
secondary minimum in the energy potential, which leads to a reversible flocculation 
of the particles, may be found in colloidal systems. Hence, stability of a colloidal 
system is attained by generating enough repulsion between colloidal particles to 
prevent the particles from flocculating.  
 
The background electrolyte in solution plays a key role on the stability of the 
colloidal system. An increase of the concentration of the electrolyte leads to a 
descrease in the repulsion forces due to screening of the double layer interaction. 
Consequently, the colloidal particles coagulate 5. Other parameters which influence 
the stability of colloids are hydration forces 6, which involve the organisation of 
water molecules around the surface by polarisation induced by the dipole moments 
of the ion pairs 5, or sterical stability, which may be attained by coating the particles 
with an absorbed polymeric layer on the surface of the colloid 7. 
 
Stability of colloidal suspensions is often studied by measurements of zeta potential 
8,9
, where the general trend observed is an increase of the stability with the net 
surface charge 10. 
 
1.1.2. Types of Colloids 
Groundwater colloids may be inorganic particles, organic molecules, or 
microorganisms 11,12,13. Colloids can be formed by weathering of rocks, plants and 
soils, as well as by dissolution of minerals, leading to the formation of secondary 
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minerals 14. Actinide oxides and hydroxides present in the near field of a repository 
may undergo hydrolysis and polymerisation processes leading to the formation of 
actinide colloids 10. 
 
1.1.2.1. Biocolloids 
Biocolloids are those microorganisms, such as bacteria or viruses, which are 
colloidal in size and naturally exist in the subsurface. Bacteria generally possess net 
negative charge in natural environments 11, although the cell surface and other 
properties depend on environmental conditions 13. Microbes may alter, by enhancing 
the kinetics, processes in groundwater chemistry which would be slow otherwise 2. 
Recent investigations have reported adsorption of metals, such as Ni(II), Cu(II), 
Zn(II) or Cr(VI) on fungus under different pH and temperature conditions 15. The 
sorption of Co(II) and Sr(II) onto moss was maximum at pH 5 – 6. The sorption 
isotherms were modelled satisfactorily by the Langmuir model and spectroscopic 
techniques revealed ion exchange was the main mechanism for the sorption of metals 
16
. The transport of Cd(II) through gravel aquifer media by bacteria spores 17 was 
assessed, leading to the development of a computer code to model the transport of 
Cd(II). Bioremediation by the chitosan biopolymer has been widely studied; 
Muzzarelli 18 and Wan Nhag et al. 19 reviewed the findings of the investigations. 
 
1.1.2.2. Organic substances 
Humic acids (HA) are the fraction of organic substances which are soluble in 
solution at pH above 2 20. HA are ubiquitous in groundwater systems 2, as they 
originate from decomposition of plants and animal matter 20. A large number of 
functional groups are found in HA molecules, including carboxylic groups and 
phenolic groups. Due to the complexity of HA, a structure has not yet been found, 
although many have been proposed. From the different spectroscopic studies, 
properties like flexibility have been attributed to HA 21. This property allows the 
structure to contract or expand depending on the pH and ionic strength conditions. In 
this manner, an increase on the ionic strength will cause the molecules to shrink due 
to screening of the charges. On the contrary, an increase in the pH leads to the 
Introduction                                                                                           Page 24 of 214 
formation of negative charges that will cause repulsive interactions, thus leading to 
expansion. 
 
HA present in groundwater systems can act as a sorbent for contaminants 21, thereby 
potentially enhancing the transport of these contaminants, and can also promote 
colloidal transport by preventing their coagulation and consequent deposition on the 
solid matrix 20. 
 
The effect of HA on minerals and contaminants has been addressed from different 
approaches: 
• Coating of minerals by HA. These investigations generally study the sorption 
of HA on minerals and clays under a variety of chemical conditions. For 
example, Liu et al. 22 found that the sorption of HA on montmorillonite 
decreased with an increase of pH. Yoshida et al. 23 reported an increase in the 
migration of alumina through a sand column when coated by HA. 
• Influence of HA on the sorption of metals onto minerals and clays. 
Investigations of the sorption of metals in the ternary system include the 
sorption of U(IV) onto kaolin in the presence of HA 24. The effect that HA 
has in a ternary system has been the object of study to understand the 
mechanisms of sorption and modelling attempts have been made. Examples 
include the quantification of the blocking effect of HA on the sorption sites of 
latex colloids, studied by Yang et al. 20 
• Sorption of metals onto HA. For example, the enhancement in the transport 
of Eu(III) by HA through a sand column was reported by Warwick et al. 25. 
More examples can be found in Chapter 3. 
 
A number of investigations have been carried out to understand the mechanisms of 
sorption in ternary systems. Anirudhan et al. 26 reported that the sorption of Cu(II), 
Zn(II) and Co(II) onto bentonite occurred through ion exchange and complexation 
mechanisms. Bivalent metal sorption onto montmorillonite was reported to take 
place by bridging of the metals. A bridged corundum-HA-Pb(II) complex was 
reported by Boily and Fein 27 at low to neutral pH. An increase in the pH was found 
to introduce competition for the metal by the surface sites (adsorbed metal) and by 
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the HA (formation of aqueous Pb-humate complexes), leading to the decrease of Pb 
sorption on the corundum surface. 
1.2. Migration of colloids 
The presence of colloids in the subsurface is ubiquitous and has been recorded by 
several investigators 13. Tipping et al. 3 reported data on colloidal speciation in 
several field sampling points. Special attention has been paid to the presence of 
colloids at the Grimsel test site in Switzerland, where several groups have 
investigated not only the release of colloids and their transport but also their role in 
facilitating the transport of radionuclides 35, 36, 37. 
 
A clear understanding of the mobility of colloids is essential in order to assess the 
influence of colloids on contaminant migration through the subsurface. The mobility 
of colloidal particles includes transport, release from and retention on the solid 
geological material. 
 
1.2.1. Release of colloids 
This process depends on particle-surface interactions and is governed by the 
hydrodynamics of the flow field 28. In this context, colloidal particles may be 
released by sliding or rolling of particles due to the flow forces.  Dettachment of 
colloidal particles occur mainly due to changes in solution chemistry, like ionic 
strength or pH 29, 30. Sen et al. 29 suggested that a favourable chemical environment 
for the release of colloidal particles is that saturated in Na+ ions, with high pH and 
low ionic strength. Under these conditions, an expansion of the electric double layer 
would lead to mobilisation of the particle due to repulsion of like-charged particle 
and matrix. 
 
The release of colloids has been investigated at laboratory scale by means of column 
experiments with subsurface materials 28. Grolimund and Bokovec 28 reported an 
increase in particle release with decreasing ionic strength and presence of 
monovalent counterions. Another factor which influenced the release of colloidal 
particles was aging the subsurface materials. This caused the release of  colloidal 
particles to decrease as the time of aging increased. 
Introduction                                                                                           Page 26 of 214 
Reviews on the release of colloids can be found in Ryan et al. 30 and more recently in 
Sen et al. 29. 
 
1.2.2. Transport of colloids 
Colloid transport has been experimentally observed through fractured materials, like 
carbonate rocks or glacial tills 13. 
 
Transport of colloids can be described by two phenomena: size exclusion mechanism 
and hydrodynamic chromatography. The former is based on the fact that colloids are 
excluded from fine pores. The latter is based on the chromatographic effect that the 
velocity profile through a cylinder is parabolic, being maximum at the center and 
decreasing towards the walls. Due to the size, particles will be excluded from the 
slowest regions and thus migrate at higher velocity than the average water 31. 
 
1.2.3. Retention of colloids 
Transport of colloids may be reduced by immobilising the colloids on the solid 
surface. Colloid stability can be achieved by maintaining the repulsive forces 
between colloids and solid surface 13. Thus, colloid retention can be achieved by 
minimising those repulsive forces, leading to the coagulation of colloids, and hence 
the deposition of colloids on the surface. Retention of colloids may be enhanced by 
increasing the ionic strength of the solute suspension 32. Multivalent cations in the 
solute may also contribute to a higher retention of colloids 13. 
 
For example, the retention of alumina colloids on mica was studied by Spalla et al. 33 
who reported no desorption of colloids when the sample was aged in salt (NaNO3) 
water, but observed desorption of the colloids when aging the sample with citrate (> 
5 mmol dm-3), due to the change in the charge in the alumina surface introduced by 
the citrate. 
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1.3. Colloid-facilitated transport of contaminants 
Transport of contaminants due to association with colloids was suggested in the early 
1980s 13. It is widely accepted that colloidal particles may play a key role in 
determining the fate of contaminants in the subsurface. For colloids to have a 
fundamental influence on the transport of contaminants, three criteria must be met 
30,2: First, colloids need to be present in a significant amount to have a significant 
probability of interaction between contaminants and colloids. In this case, release of 
colloidal particles from the solid matrix must occur. Secondly, colloids must adsorb 
contaminants on their surface; interactions between the surface of the colloids and 
the radionuclides must take place so that the radionuclide attaches to the colloidal 
particle. Finally, colloids have to migrate through the groundwater in order to co-
transport contaminants along with them. The interactions between contaminants and 
colloids are represented in Figure 1: 
 
 
Figure 1. Possible interaction between colloids and radionuclide particles in the subsurface. 
 
Figure 1 presents the scenario in which a mobile colloid may interact with a 
radionuclide. For ease of interpretation, a simple diagram has been shown where 
only one colloidal particle and one radionuclide particle are shown. The following 
interactions may occur: 
1. Interaction of the mobile colloid with the solid matrix, leading to its retention; 
2. Interaction of the mobile radionuclide with the solid matrix, leading to its 
immobilisation; 
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3. Irreversible interaction of the mobile radionuclide with an immobile colloid. 
In this case, the transport of the radionuclide will depend on the rate of 
release of the colloid. 
4. Interaction of the mobile colloid with the mobile radionuclide, leading to an 
enhancement of the transport of the radionuclide. However, depending on the 
reversibility of the interaction, the radionuclide can be transported long 
distances, until deposition of the colloid (irreversible sorption) or can be 
transported until the radionuclide desorbs from the colloidal particle 
(reversible sorption). 
 
The transport of contaminants and colloidal particles through the subsurface can be 
generally described by four terms: diffusion, dispersion, advection and a chemical 
term which takes into account deposition and release of the transported particle 12. 
Migration of radionuclides is generally diminished by sorption onto the solid matrix. 
However, the presence of colloids can significantly enhance the migration of 
contaminants, as seen by the scheme in Figure 1. Hence, an understanding of the 
sorption of contaminants onto colloidal particles is fundamental 34. 
 
Examples of experimental observations of enhanced mobility of contaminants due to 
co-transportation with colloidal particles are given below. 
 
The breakthrough of 241Am and 244Pu 35 and 131I, 85Sr, 137Cs, 99Tc, 232Th, 233U, 237Np, 
238,244Pu, and 241Am 36 associated with Febex bentonite colloids through Grimsel 
groundwater was studied by means of column experiments. The radionuclides were 
found to be co-transported with the bentonite colloids. Furthermore, the sorption of 
Am on bentonite colloids was reversible, but slow. Sr transport through a crystalline 
structure was slightly enhanced by the presence of bentonite colloids 37. However, 
the transport was less than expected due to partly the retention of the colloids in the 
structure and partly due to, perhaps, desorption of Sr from the colloids. Grolimund et 
al. 38 reported the outbreak of Pb through a non-calcareous soil; Nagasaki et al. 39 
observed enhanced transport of Am and Np by montmorillonite colloids; Cs 
migration through a granite fracture was enhanced by clay colloids 40 and by silica 
colloids when passed through glass bead columns 41. Natural organic colloids 
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enhanced slightly the transport of 241Am through a fracture in granite, but did not 
influence greatly the transport of 85Sr, as reported by Vilks et al. 42. 
 
1.4. Modelling 
The classic approach describes transport of contaminants as a function of diffusion, 
advection and deposition/release on the porous matrix. Inclusion of colloids in the 
transport equation has been approached by adding sorptive terms in the original 
transport equation (see section 1.4.3). Modelling the effects of bacteria on 
contaminant transport has also been addressed, simply by adding sorption and 
desorption interactions to the classic approach 11.  
 
The inclusion of colloids in the solute transport equation needs the complete 
knowledge and understanding of the interaction between radionuclides and colloids. 
The study of both the sorption and migration of colloidal particles and contaminants 
have led to the development of computer codes.  
 
1.4.1. Modelling solute transport 
The transport of solute depends of three terms: a dispersive / diffusive term, an 
advective term and a chemical term. The transport equation can be defined as 28,12,11: 
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Where ci is the concentration of a given solute i, D is the dispersion coefficient, ν is 
the flow velocity, ρ is the solid mass per unit pore volume, qi is the concentration of 
adsorbed solute, desij and adsij  are the kinetic fluxes due to desorption and adsorption 
reactions, respectively. 
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1.4.2. Inclusion of colloids in modelling solute transport 
The transport of colloids through the subsurface may be described similarly to the 
transport of solutes (Equation 1.1). Considering deposition of colloids as linear and 
reversible, the mass balance equation for colloidal transport would result 11: 
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Equation 1.3 
 
Where cj describes the concentration of suspended colloidal particles (mobile 
colloids), depjk and adsjk  are the deposition and release rate coefficients, respectively, θ 
is the porosity and cm is the concentration of deposited colloids (immobile colloids). 
 
The transport equation for a contaminant migrating through the subsurface in the 
presence of colloids would result in the following equation, which includes the 
diffusion and advection term, as well as the sorption and desorption terms of the 
radionuclide from the solid matrix, from mobile colloids and from immobile colloids 
11: 
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Equation 1.4 
 
Where the term 
t
qi
∂
∂
 includes the sorption and desorption of the contaminant on the 
solid matrix, θ is the porosity, σ is the mass fraction of the contaminant sorbed on the 
mobile (j) and immobile (m) colloids and desijdesimadsimadsij kkkk ,.,  are the adsorption rate 
coefficients onto the mobile and immobile colloids, respectively; and the desorption 
rate coefficients from the immobile and mobile colloids, respectively. 
 
Other models have been developed based on the classic approach described above. 
For example, Irina et al. 12 defined a pseudo-two-phase approach where two types of 
clusters of pores were taken into account: one in which only pure water could be 
found (colloids were excluded due to the small size of the pores) and another where 
the colloid suspension occupied larger pores. 
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1.4.3. Modelling contaminant sorption to colloids 
Successful modelling of the transport of radionuclides through the subsurface in the 
presence of colloids needs a full understanding of the processes which govern the 
sorption of radionuclides onto the colloids. Sorption of contaminants on colloids has 
been widely studied and different models have been used to model such sorption. 
Some of the simpler models are based on empirical equations, like the Langmuir or 
the Freundlich isotherms. 
 
Thermodynamic interpretations are based on the assumption that equilibrium is 
reached when measurements are taken to enable the construction of sorption 
isotherms. This however, may not be true as kinetics of the sorption may be slow and 
equilibrium may not be attained on the period of time of the experiment 43.  
 
From the study of the sorption and desorption of contaminants from colloids, or, in 
general, from solid surfaces, a mechanistic interpretation can be derived. Once the 
contaminant has sorbed onto the surface, given the necessary time to reach a new 
equilibrium, the adsorbate can (a) diffuse slowly into the matrix, (b) form inner-
sphere surface complexation, or (c) crystallise in the form of a new solid phase 43. 
The mechanisms of sorption are modelled using surface complexation models (refer 
to Goldberg et al. 44 for more details) by testing the ability of the models to 
reproduce the data satisfactorily 45. 
 
Many models have been used to describe the mechanisms of sorption of metals onto 
colloids. Based on surface complexation and cation exchange, models and computer 
codes have been developed. For example, Missana et al. 45 interpreted the sorption of 
U(VI) onto goethite colloids using the double difuse layer model, Kraepiel et al. 46 
used potentiometric data and combined it with surface complexation and cation 
exchange models to develop a computer code for the modelling of sorption of metals 
onto Na-montmorillonite. 
 
Although mechanistic interpretations of metal-colloid interactions were not an aim in 
this thesis, interpretations found in the literature are used to interpret some of the 
experimental results. 
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Chapter 2. COLLOID BINARY SYSTEMS 
 
2.1. Introduction 
Understanding the migration of metals through the Geosphere may start by 
evaluating the interactions of contaminants with the host rock. Due to various 
factors, such as friction, the host rock might release smaller, metastable particles 
called colloids. Because of their small size, colloids may be excluded from pores 
while migrating along the Geosphere following the flows of groundwater. 
 
Having the same properties as the host rock, colloids might interact with 
contaminants in the same way as the original minerals, with the addition that they 
may be transported along with the colloids. Therefore, colloids can be considered 
potential transporters of contaminants, i.e. radionuclides, through the Geosphere. 
 
The knowledge of the extent of sorption of metals onto colloids present in the 
environment is therefore important in evaluating the possible migration of 
radionuclides through the Geosphere. In this matter, not only sorption, but also 
desorption of the metals from the colloids is of great relevance 36,45, as an irreversible 
sorption would lead to transport of the contaminant; whereas a reversible sorption 
could limit the enhancement of the transport of the contaminant. In any case, the 
assessment of the interactions of radionuclides with colloids is fundamental in 
understanding the fate of radionuclides in the Geosphere. 
 
This chapter aims to extend the knowledge of the interactions between three metals: 
caesium (Cs), nickel (Ni) and europium (Eu), chosen because they are mono, di and 
trivalent; with two different colloids that are abundant in the environment: boehmite 
and montmorillonite. Sorption of the metals onto the colloids was studied under fixed 
conditions of pH and ionic strength, followed by an investigation of the desorption of 
the metals, carried out in three consecutive steps, in order to gain a better 
understanding of the reversibility of the sorptive process.  
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Colloids can be considered to have the same sorptive properties as the minerals they 
originated from, but their smaller dimensions provide colloids with a larger surface 
area per mass which metals might sorb to, thereby enhancing the sorptive properties. 
In this investigation, special attention is paid to the sorption of metals onto colloids 
and the solid phase of the corresponding mineral in order to compare the extent of 
sorption onto colloids and to bulk surfaces of the same material. To facilitate 
comparisons, the surface areas of both colloid and solid phase were measured, along 
with other surface properties like proton or cation exchange capacities. 
 
The sorption of a metal onto a solid is generally expressed by a distribution ratio, 
which is the ratio of surface-bound metal to dissolved metal in solution. Databases of 
these distribution ratios exist 44 and a large number of sorption studies are found in 
the literature. However, the distribution ratio is a parameter specific to the conditions 
in which the sorption was carried out. Furthermore, most of the distribution ratios 
determined are so for the systems consisting of metals and solid phases. The number 
of investigations where sorption of metals is carried out on colloids is more limited. 
Considering the only differences between colloidal and solid phases might be related 
to the surface area, this investigation suggests that the distribution ratio for the 
sorption of a metal onto a colloid might be proportional to the distribution ratio of the 
metal and the ratios of surface areas. This idea was introduced by Wieland et al. 14, 
who suggested that a “scaling factor” between the distribution ratios could be the 
ratios between surfaces areas. This idea has been extended, although, due to the 
limited knowledge in modelling, only a robust approach is presented herein, needing 
further insight to produce a mathematical expression that could relate both 
distribution ratios. 
 
2.2. Experimental 
The experimental procedure was based mainly on batch experiments measuring the 
sorption and desorption of metals onto colloidal and solid phases using two different 
minerals. In addition to batch experiments, other measurements were needed in order 
to characterise the colloids, i.e. measurement of average size, zeta potential and 
surface area. 
 
Colloid Binary Systems                                                                       Page 34 of 214 
2.2.1. Method development 
2.2.1.1. Materials used 
Two different colloids were used in this investigation: boehmite and 
montmorillonite. The structures and  main properties of both are summarised below. 
Three metals were used to study the sorption onto the mineral phases, Cs, Ni and Eu. 
The solutions were prepared from the chloride salts of each metal. The details are 
described in section 2.2.1.1.3. 
 
2.2.1.1.1. Boehmite 
Boehmite is an aluminum oxyhydroxide of formula AlO(OH). Its structure consists 
of double layers of octahedra held together by hydrogen bondings of the OH groups 
(Figure 2) 47. Two different types of oxygen can be distinguished according to their 
location within the octahedra (red and blue in Figure 2): (1) the oxygens in red are 
those in the middle of the octahedra and are shared by four other octahedra. (2) the 
oxygens in blue are the hydrogen-bonded to the oxygens in the neighbouring double 
layers. The ratio between oxygen and hydroxyl groups is expected to be one to one. 
48
. 
 
 
Figure 2. Structure of boehmite 47. 
 
Boehmite can be found in the environment in bauxites and laterites, as it constitutes a 
main component of these minerals, together with gibbsite/bayerite(Al(OH)3) and 
diaspore (α-AlOOH). Boehmite is used in industry as a source of aluminum 48,49. 
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The morphology, size and surface area of the synthesised boehmite depend on the 
conditions of processing, i.e. acidic/alkaline conditions, temperature of furnace, time 
of processing and precursor used 50,51. Boehmite can be synthesised by hydrothermal 
processing of aluminum alkoxide 47, aluminum salts, such as chloride 52,51,53 or 
nitrate 54,55,56, aluminum acetate powder 57, aluminum sulphate and urea 58, aluminum 
isopropoxide / isopropanol 59 or aluminum hydroxides 60. 
 
Two phases of boehmite were used in the work presented herein: colloidal and solid 
phase. Boehmite colloids were provided by FERALCO Ltd. (UK) as CERASOL. 
The solid phase was provided by Nabaltec (Germany), as APYRAL AOH20. Both 
products were used without further treatment. 
 
2.2.1.1.2. Montmorillonite 
Montmorillonite was purchased from Aldrich (UK) as Montmorillonite K10. A 
proposed structural formula of montmorillonite is:  
 Na0.05Ca0.15Mg0.03(Al1.5Fe(III)0.1Mg0.4)(Si4)O10(OH)2·n H2O 61 
 
Montmorillonite is a clay mineral belonging to the phyllosilicates. The structure of 
montmorillonite consists of two silicon tetrahedra layers separated by an aluminum 
octahedra layer (see Figure 3) 62. 
 
 
Figure 3. Structure of montmorillonite 62. 
 
The surface of montmorillonite carries a net negative charge due to isomorphous 
substitution of lattice cations by cations of lower valence. Charge neutrality is 
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achieved by the formation of electrostatic interactions with nearby cations in 
solution, which can undergo ion exchange processes with other cations in solution 63. 
 
Together with kaolinite, illite or chlorite, montmorillonite is a major component of 
bentonite, used as backfill material for radioactive waste repositories 63. Upon a 
release of radionuclides, the first barrier encountered would be the backfill material. 
Hence, understanding the interactions of radionuclides with montmorillonite is 
essential towards assessing the mobility and fate of radionuclides in the Geosphere.  
 
2.2.1.1.3. Metal solutions 
Metal solutions were prepared by diluting a known amount of solid with deionised 
(DI) water to the desired volume. The solids used for each metal were: CsCl (BDH 
Laboratories AnalaR®), NiCl2 (Fisher Scientific) and EuCl3 (Sigma-Aldrich). NaCl 
and KCl, from Sigma-Aldrich chemicals, were used to adjust the ionic strength. In 
some cases 2-(N-morpholino)ethanesulfonic acid (MES) (Sigma-Aldrich) was used 
as a buffering agent and was chosen for its non-complexing properties. 
 
Radioactive stock solutions, obtained from Amersham International Plc., were 
prepared by diluting a known volume of radioactive stock into the desired volume of 
DI water. Generally, 10 – 20 x 10-3 cm3 would be taken from the stock solution 
provided from the manufacturers and diluted into 10 – 20 cm3 DI water. The isotopes 
used are shown below. 
 
Table 1. Isotopes and radioactive parameters. 
Isotope Inorganic Salt Radiation 
measured 
Half life (years) 
137Cs CsCl Gamma 30.2 
63Ni NiCl2 Beta 100 
152Eu EuCl3 Gamma 13.5 
 
The metal concentration of the active metal stock solution can be calculated from the 
exponential decay law: 
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N
dt
dN λ=−  Equation 2.1 
λ
2ln
2
1 =t  Equation 2.2 
 
Where λ is the decay constant, related to the half-time of the isotope by Equation 2.2, 
and N is the number of atoms involved. The metal concentration may be calculated 
dividing N by the avogadro number (NA = 6.022 x 1023). Table 2 shows the metal 
concentration of the active metal stock solution, given that the specific activity was 
approximately 8.33 x 106 Bq dm-3. 
 
Table 2. Metal concentration in active metal stock solution. 
Metal 
2
1t  (seconds) [M] (mol dm-3) 
137Cs 952387200 1.89 x 10-8 
63Ni 3153600000 6.29 x 10-8 
152Eu 425736000 8.49 x 10-9 
 
The study of these three metals was carried out due to the following importance of 
the metals:  
• 
137Cs is present in the environment due to nuclear activities and accidents 64. 
• Ni is a toxic heavy metal 65, which can be found in wastewater due to its use 
in industry 66. Ni is an analogue for other heavy metal and radionuclide 
contaminants, i.e. Pb (II) 65. 
• 
152Eu is a well-known analogue for transuranic metals and other lanthanides 
67
. 
 
2.2.1.2. Preparation for measurements 
Average sizes and zeta potentials of colloids were measured using a Zeta Master S 
(Malvern Instruments). Ten recordings were measured and the average and standard 
deviations are reported. 
 
pH measurements were carried out using a Jenway 350 pH meter. The instrument 
was calibrated prior to its use with three standard solutions (pHs 4, 7 and 10). 
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Samples were centrifuged in a Hermle Z206A centrifuge at 6000 rpm for 30 minutes. 
When necessary, samples were mixed using a Labnet VX100 Vortex mixer. The 
filters used in all sorption and desorption experiments were supplied by Elkay (0.45 
and 0.22 µm in pore size) or Anachem (PES Syr-filter 0.2 µm filters) and the plastic 
syringes used (5 cm3) were provided by BD Plastipak. When used, the plastic 
syringes were filled with sample, the filter fitted to the end and the first 5 cm3 of the 
filtered sample were discarded, collecting the following 2 cm3 for radiometric 
measurement. Control experiments showed that no sorption of activity to the syringe 
filters or to the centrifuge tubes took place. 
 
Radionuclide assays (to an error of two sigma or better) were performed using either 
a Tricarb 1900TR Liquid Scintillation Analyzer (Packard Ltd) or a Cobra II Auto-
Gamma Counter (Packard). The activities measured were converted by calculation 
into concentrations. 
 
Powder X-ray measurements were performed using Cu-Kα radiation (λ = 1.5418 Å) 
on a Bruker D8 diffractometer in reflection geometry and a Braun position sensitive 
detector. The sample was loaded onto a silicon zero background substrate and data 
were collected in the range 5 < 2θ < 90° with a step time of 1 second and step width 
of 0.014°. 
 
2.2.1.3. Speciation 
The JChess speciation programme was used to predict the metal species for each of 
the systems studied in batch sorption experiments. These were constituted by the 
MClx (M = Cs, Ni, Eu), the colloid (boehmite or Na-montmorillonite), 0.05 mol dm-3 
NaCl as background electrolyte and pH 7. 
 
2.2.1.4. Data processing 
Sorption isotherms were constructed from data obtained from the batch experiments. 
The results were fitted to three different models: the Langmuir, the Freundlich and 
the Dubinin-Radushkevich equations. The three models are briefly described in this 
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section. In addition to this, the distribution ratios were determined from the sorption 
isotherms. 
 
2.2.1.4.1. Distribution ratio 
The simplest type of sorption isotherm is the linear isotherm (n = 1 in the Freundlich 
isotherm -Section 2.2.1.4.2-), where the concentration of sorbed metal on the solid 
(mol kg-1) is directly proportional to the concentration of dissolved metal in solution 
(mol dm-3). The proportionality factor is defined as the distribution ratio, Rd (dm3 kg-
1) (Equation 2.4) 68,69.  It can be determined from radiometric measurements as: 
 
CRQ d=  Equation 2.3  
m
V
A
AA
R
eq
eq
d
−
=
0
 Equation 2.4 
 
Where Q is the concentration of metal bound to the solid surface (mol kg-1), C is the 
concentration of dissolved metal in solution (mol dm-3), Rd is the distribution 
coefficient (dm3 kg-1), A0 is the activity of the blank active sample (no sorption took 
place), referring to the initial concentration, Aeq is the activity of the sample after 
sorption, referring to the equilibrium concentration, V is the volume of the sample, in 
dm3 and m is the mass of colloid, or solid, in kg. 
 
The distribution coefficient can therefore be derived from the slope of the linear 
range in the sorption isotherm of a given radionuclide to a given surface. Due to the 
empirical nature of the distribution coefficient, it is subject to the specific conditions 
under which the experiment was developed, i.e. pH, ionic strength or complexing 
ligands 68. Thus, the value of the Rd for the sorption of metals on solids may vary 
depending on the chemical conditions of the experimental process (discussed in 
section 4). 
 
The distribution ratios presented herein were calculated by linear regression of the 
linear sorption isotherm of metals. Whenever the sorption isotherm was non-linear, 
data used to determine the Rd value were those which would exhibit a linear 
behaviour. Data were presented as the mean value of the distribution ratio ± the 
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standard deviation. The minimum number of samples used to calculate the Rd value 
was, where possible, five replicates for ten different concentrations. These were the 
cases where the sorption isotherm showed a linear response for the whole range of 
concentrations studied. In the cases where the isotherm curved, suggesting saturation, 
the number of samples used to calculate the Rd value decreased. 
 
2.2.1.4.2. Freundlich isotherm 
The Freundlich model is an empirical isotherm which describes a non-linear sorption 
of the adsorbate to the solid surface. The equation and the linearised form for the 
Freundlich isotherm are shown below 68,43: 
 
nFCQ =  Equation 2.5 
CnFQ logloglog +=  Equation 2.6 
 
Where Q and C are the concentration of metal bound to the surface and free in 
solution, in mol kg-1 and mol dm-3, respectively. F and n are characteristic 
parameters of the Freundlich model, related to the adsorption capacity and the 
adsorption intensity, respectively 70. A value of unity for n indicates linear sorption. 
Values of F and n are reported herein and discussions are made based on n values 
obtained. 
 
2.2.1.4.3. Langmuir isotherm 
The Langmuir model is based on the assumption that an electric double layer exists 
between the adsorbent surface and the adsorbate. Further assumptions include: (1) no 
interactions take place between the adsorbed species; (2) no migration of species 
occur in the plane of the surface; (3) only a monolayer of metal is adsorbed to the 
surface; and (4) all adsorption sites are homogeneous. The Langmuir sorption 
isotherm introduced the idea that sorption to the surface is limited, whereas the linear 
and Freundlich isotherms assumed infinite sorption of the adsorbate 70.  
 
The Langmuir equation, as well as the derivation to the linearised form of the 
equation are shown below 68,70: 
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LC
LCQQ
+
=
1max
 Equation 2.7 
Rearranging and reversing the equation,  
111max +=+=
LCLC
LC
Q
Q
 Equation 2.8 
Dividing by Qmax,  
CQLQQ
1111
maxmax ⋅
+=  Equation 2.9 
 
Where Q and C are the concentration of metal bound to the surface and free in 
solution, in mol kg-1 and mol dm-3, respectively. Qmax is the maximum concentration 
of metal that can adsorb to the surface; in other words, the sorption capacity of the 
mineral; and L is an equilibrium constant related to the energy of adsorption. 
 
2.2.1.4.4. D-R isotherm 
The linearised Dubinin-Radushkevich (D-R) equation can be described as 204: 
 
2
maxlnln εkQQ −=  Equation 2.10 
( )CRT 11ln +=ε  Equation 2.11 
( ) 212 −−= kE  Equation 2.12 
 
Where Q and C are the concentration of bound to surface and dissolved in solution 
metal, in mol kg-1 and mol dm-3, respectively. Qmax is the sorption capacity of the 
mineral, in mol kg-1, k is a constant related to the adsorption energy, E is the mean 
free energy, in kJ mol-1, ε is the Polanyi potential, R the gas constant (8.314 JK-1mol-
1) and T the temperature, in K. 
 
2.2.1.4.5. Statistics 
Batch experiments were carried out to measure the sorption of metals onto minerals. 
A minimum of five replicates were used for each metal concentration. In some cases, 
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up to eight replicates were used. The radioactivity of the samples was measured to a 
2σ error.  
 
The concentrations of dissolved metal in solution and surface-bound metal were 
determined mathematically from the measured activity values. The mean and 
standard deviation of these concentrations were determined from the number of 
replicates used in the batch experiment. 
 
The Rd values presented are shown as SDRd ±  where dR is the mean value obtained 
for the distribution ratio and SD is the standard deviation. Both values were 
determined by applying the linear regression method. The same method was applied 
to determine the standard deviation of characteristic parameters of the Freundlich, 
Langmuir and D-R isotherms. 
 
2.2.2. Generation and stability of colloids 
2.2.2.1. Boehmite 
Boehmite colloids were used as provided with no treatment prior to their use, except 
dilution. Initial measurements of average size and particle counts per second were 
carried out to find the concentration of boehmite colloids to be used in sorption 
experiments. 
 
Characterisation and stability of boehmite colloids was carried out by measuring the 
average size, particle counts and zeta potential. This last parameter was measured as 
a function of pH in a wide range of pHs and ionic strengths. 
 
Separation of colloids from solution was achieved by centrifugation of samples at 
6000 rpm. An experiment was carried out whereby samples of boehmite colloids 
were centrifuged for different times, ranging from 0 to 50 minutes and recording the 
average size after the test. 
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2.2.2.2. Montmorillonite 
Montmorillonite colloids were extracted by repeatedly washing Montmorillonite K-
10 (Aldrich) with 25 cm3 aliquots of 0.05 mol dm-3 NaCl, combined with filtration 
and centrifugation. The filtrate was measured with dynamic light scattering (DLS) 
for average size and particle counts.  
 
Montmorillonite colloids were characterised by DLS and zeta potential. The stability 
of the obtained colloids was measured as a function of pH and ionic strength. 
 
2.2.3. Sorption and desorption experiments 
The study of the interactions between metals and minerals was performed by 
investigating the sorption and later desorption of metals from colloidal and solid 
surfaces by using batch experiments. The experimental procedure and the results are 
shown first for the colloidal phase of each mineral and then for the solid phase. The 
desorption experiments are then detailed. 
 
2.2.3.1. Sorption experiments 
The sorption of metals onto colloids was studied using three different metals, Cs, Ni 
and Eu, which are mono-, di- and trivalent, respectively; and two different colloids, 
boehmite and montmorillonite.  
 
The experimental procedure for sorption onto colloids and solids was slightly 
different.  
Sorption onto colloids  
10 cm3 of colloid suspension were pipetted into 15 cm3 polypropylene centrifuge 
tubes, along with 1 cm3 of metal solution, buffer and background electrolyte. The pH 
was adjusted to 7 by adding small volumes of NaOH or HCl. The suspensions were 
then spiked with 100 µL of a radioactive tracer (approximately 0.83 KBq) and left to 
equilibrate for 24 hours. After the equilibrating period, the samples were centrifuged 
in a Hermle Z206A for 30 minutes at 6000 rpm. Control experiments showed that 
this time was sufficient for the colloids to be separated from the bulk. To further 
ensure this separation, prior to the radiometric measurement of the solution, the 
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samples were filtered using 0.45 µm Elkay filters. The 24 hour contact time was 
chosen following previous experiments carried out at Loughborough University 71.  
 
Sorption onto solids 
The procedure was the same as that used for colloids except that the solid was 
weighed into the centrifuge tubes. To keep the solid to liquid ratio similar to the 
adsorption carried out on colloids, aproximately 30 mg of solid were weighed into 
the vessels. In several sets, the influence of the amount of solid on the sorption of 
metals was tested.  
 
Experimental conditions 
pH and ionic strength were kept constant in all batch experiments. However, the 
influence of other parameters was assessed: 
• The influence of the solid to liquid ratio was studied by changing the colloid 
concentration in suspension: it varied from 15 to 54 mg of colloid present in 
the 10 cm3, in different batch experiments to study the influence of the 
colloidal concentration. This concentration was measured gravimetrically. 
The colloid concentration will be clearly stated in the results for ease of 
interpretation.  
• The influence of background electrolyte on the sorption of Cs and Ni onto 
boehmite colloids was studied by batch experiments, using the same 
procedure as the one described previously. 
 
Control experiments 
The pH of the samples was adjusted to 7.0 ± 0.1 prior to leaving the samples to 
equilibrate, followed by monitoring of the pH after the equilibration period. As an 
example, the sorption of Ni onto solid montmorillonite was tested in the presence 
and in the absence of MES, noting the evolution of the pH. 
 
On conclusion of the equilibration period, separation of the colloidal phase from the 
solution took place by centrifugation and later filtration. The filters were tested for 
radioactivity retention. Furthermore, filters of 0.45 and 0.22 µm pores were used. A 
separate test was carried out to study any differences on the sorption. 
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2.2.3.2. Desorption experiments 
Reversibility of the sorption of metals onto colloids and solids was studied by 
performing three consecutive desorptions after the sorption experiments. The 
procedure was carried out equally on the experiments for colloidal and solid surfaces. 
 
At the end of the sorption experiments, an aliquot of background electrolyte 
containing buffer solution was added to the centrifuge tubes in order to restore the 
initial solid to liquid ratio. The colloids were resuspended by briefly sonicating and 
then left to equilibrate for 24 hours. After the equilibration period, the samples were 
subjected to the separation process as explained in the adsorption section. The 
desorption experiments were carried out carefully to reproduce the same conditions 
as the sorption experiments, to minimise the effect of experimental differences 
between sorption and desorption. 
 
2.2.4. Surface area measurements 
An extensive study of the surface of boehmite, both colloids and solid, was carried 
out by measuring the surface area, proton and cation exchange capacities.  
 
Spectroscopic techniques were used on both phases of boehmite, aiming to see 
differences on the surface of the colloid and the solid. With this purpose, both SEM 
and X-ray Powder Diffraction (XRD) techniques were used on both phases of the 
mineral. 
 
2.2.4.1. Specific surface area 
The specific surface area (SSA) can be defined as the ratio of the surface area of a 
solid surface and its mass; the former accounts for all sites accesible for cations in 
the inner surfaces 72. The units of the SSA are m2 g-1. 
 
The most common method used to measure the SSA of solids is the BET method 73, 
which consists of the measurement of the amount of adsorbed nitrogen gas required 
to cover the solid surface with a complete monolayer. The surface area is determined 
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from this measurement, together with the cross-sectional area of the adsorbed gas 
74,72
. 
 
The BET method is generally used to measure the SSA of solids; however, it can 
also be used to determine the SSA of colloids 75,76,77 by previously drying the 
colloidal suspension. This can be done by evaporation, although during this process 
the colloidal suspension might undergo aggregation, in which case some of the 
interfaces might become inaccesible to the adsorbate gas, leading to an 
underprediction of the surface area of the particle 78. Other methods have been 
proposed for the determination of SSA of colloidal particles involving the adsorption 
of polyvinylpirrolydone (PVP) 78, organic dyes 79, or the titration of hydroxyl groups 
on the surface of the colloid with a standard solution of NaOH in a saturated NaCl 
solution 80. 
 
Two different methods were used experimentally to determine the SSA of boehmite 
colloids:  
• The BET method  
The SSA was determined by the BET method at BGS 74 using a Micromeritics 
Gemini VI 2385C series physisorption system.  
• Dye adsorption method 
This method was first tried on solid boehmite, and then, upon success, on boehmite 
colloids. The experimental procedure followed that described by Avena et al. 79 to 
measure the surface area of kaolinite colloids by measuring the sorption capacity of 
the surface with methylene blue. Briefly, the method consisted on adding a known 
amount of dye solution to a known amount of boehmite. The samples were placed on 
a shaker for 15 minutes. After this time, the samples were centrifuged for 5 minutes 
to separate the phases and UV measurement was performed to measure the 
concentration of remaining dye in solution. The supernatant was discarded and a new 
aliquot of dye solution was added to the boehmite. The procedure was repeated until 
the concentration of dye solution in the centrifuged sample was equal to the 
concentration of dye solution added. 
 
Since the surface of boehmite is positively charged in the pH range 2 to 8, the 
appropiate dyes for the application of this method on boehmite would be negatively 
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charged. The following dyes were tried: diphenylsulfoxide (DPSO), 4-
nitrobenzylalcohol (4NBA), 3-nitrophenol (3NP) and ponceau S (structures shown in 
Figure 4). 
 
Diphenylsulfoxide 
(DPSO) 
4-nitrobenzylalcohol (4NBA) 
 
3-nitrophenol 
(3NP) 
 
Ponceau S 
Figure 4. Organic dyes used in the surface area measurement of boehmite colloids. 
 
2.2.4.2. Exchange capacity measurements 
Other parameters indicative of the surface area of the colloids are the proton and 
cation exchange capacities, PEC and CEC, respectively. Both properties were 
measured for boehmite using the methods described in detail below. 
 
2.2.4.2.1. Proton exchange capacity 
The PEC method used in this investigation was modified from that described by He 
et al. 81 in order to prevent the colloids from flocculating. The method developed  
consisted of the titration of boehmite in 0.05 mol dm-3 NaCl. The pH of the 
suspension was taken to 3 with 0.01 mol dm-3 HCl and then titrated to pH 8 with 0.01 
mol dm-3 NaOH. The pH was not increased above pH 8 so as to avoid flocculation of 
boehmite colloids. Once the suspension was at pH 8, it was back-titrated to pH 3.5 
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with 0.01 mol dm-3 HCl. The system tended to buffer at pH 3.5. The moles used to 
titrate (nOH) and backtitrate (nH) could be calculated from the volume used. The PEC 
was calculated as 81: 
 
boehmiteg
sitesmolHPEC
+
=  Equation 2.13 
HOH nnsitesmolH −=
+
 Equation 2.14 
 
In the case of the solid, 1.5 g were used in the experiment. In the case of the colloids, 
the gravimetric analysis of the sample showed that 0.496 g were titrated. 
 
2.2.4.2.2. Cation exchange capacity 
The CEC is defined as the capacity of a mineral, clay or soil to sorb cations which 
can later be exchanged by other cations in solution 82. Many methods have been 
proposed for the measurement of this fundamental property of clays 83,84. The 
cobaltihexamine chloride method was chosen to measure the CEC of the minerals 
used herein. 
 
The method is based on spectrometrically measuring the concentration of 
Co(NH3)63+ before and after it was contacted with the mineral. UV absorbance was 
measured at 472 nm. In detail, 40 cm3 of 0.0167 mol dm-3 Co(NH3)6Cl3 were added 
to 2 g of mineral. The resulting suspension was shaken for one hour, after which 
centrifugation at 6000 rpm took place for 10 minutes. An aliquot of the supernatant 
was filtered through 0.22 µm filters and the absorbance measured. The CEC was 
calculated as 85: 
 
10050
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AACEC i  Equation 2.15 
 
Where A0 is the absorbance of the Co(NH3)6Cl3 sample, Ai is the absorbance of the 
sample after shaking for one hour, V is the volume of sample, in cm3, and m is the 
mass of boehmite, in g. The CEC was calculated in units of meq g-1. 
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2.2.4.2.3. SEM and XRD powder diffraction 
Part of this investigation included assessing the differences in surfaces between the 
colloidal and the solid phase of boehmite. For this purpose, SEM images were taken 
aiming to observe physical differences in the surface of the colloidal and solid phases 
of boehmite. 
 
XRD diffraction patterns were taken after the sorption processes of either metals or 
HA had taken place, aiming to find alterations in the surface of boehmite due to the 
sorption of metals or HA. 
 
Sorption of metals on boehmite colloids was studied by radiometric batch 
experiments. However, a batch of sorption experiments was carried out radiotracer-
free to measure any changes in the surface due to the presence of metals. These 
changes were assessed by measuring XRD diffraction patterns and SEM images. 
 
SEM measurements were carried out at BGS (Keyworth, UK) using a LEO (Zeiss) 
435VP Variable Pressure Digital Scanning Electron Microscope (SEM). Powder 
diffraction measurements were taken using Cu-Kα radiation (λ = 1.5418 Å) on a 
Bruker D8 diffractometer in reflection geometry and a Braun position sensitive 
detector. The sample was loaded onto a silicon zero background substrate and data 
were collected in the range 5 < 2θ < 90° with a step time of 1 second and step width 
of 0.014°. 
 
2.3. Results 
This section presents the results of the experiments detailed in section 2.2. The 
characterisation of colloids, along with the analysis of the stability are presented. An 
understanding of the conditions in which colloids were stable was fundamental for 
the batch sorption and desorption study. Those sorption experiments were performed 
always at the same pH and ionic strength. However, other factors influencing the 
sorption of metals on colloids were investigated, e.g. the solid to liquid ratio or the 
background electrolyte. 
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Desorption of metals from minerals and soils plays an important role on the mobility 
of radionuclides. The results for these experimental tests are shown following those 
of sorption. 
 
The study of the surface area concentrated on the boehmite colloids. The results of 
the surface area, PEC and CEC of the colloid and the solid phase of boehmite are 
compared to extend the comprehension of the difference in sorption of metals on 
boehmite. 
 
2.3.1. Characterisation and stability of colloids 
2.3.1.1. Boehmite 
Boehmite colloids were used for sorption experiments by diluting aliquots of the 
Cerasol suspension in 1000 cm3 DI water. Prior to the sorption experiments and due 
to the high concentration of colloids of the Cerasol suspension, dilution was 
necessary for further experiments. Different dilutions were carried out and 
characterisation of those samples took place to select the optimum concentration of 
colloids. Table 3 shows the characterisation of the dilutions. 
 
Table 3. Average size of boehmite colloids as determined using a Zeta Master S. 1 cm3 boehmite 
colloids diluted into x cm3 deionised water. 
Dilution (cm3) Average Size (nm) Kcounts per second pH 
50 125.0 ± 1.8 121.9 ± 0.2 4.05 
80 127.8 ± 1.7 92.0 ± 0.5 4.07 
100 123.9 ± 1.3 81.4 ± 0.2 4.11 
120 118.6 ± 2.6 52.9 ± 0.3 4.16 
150 128.4 ± 5.7 43.0 ± 0.2 4.41 
 
Table 3 shows the average size and particle counts for sols containing 1 cm3 of 
boehmite colloids diluted into DI water. The volume of water is indicated in the first 
column, in cm3. The results indicated that as the volume of DI water increased, the 
average size remained constant and the particle counts decreased, the latter being due 
to the lower amount of colloids in suspension. A constant value of average size 
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suggested colloidal stability. Only a slight increase in pH was observed for the most 
diluted sample. Further monitoring of pH, measured daily, showed constant pH of 
the sols with time, suggesting stability of the diluted colloids. 
 
As the average size was not influenced by the dilution factor, the only parameter 
relevant for choosing the dilution to use in further sorption experiments was the 
particle counts per second. Dilution of 1 cm3 of boehmite colloids into 100 cm3 DI 
was chosen as it yielded a reasonable amount of particle counts. Hence, the boehmite 
sols used for the sorption experiments were prepared by diluting 10 cm3 of Cerasol 
colloids into 1000 cm3 of DI water, yielding approximately 30 mg of boehmite in 
suspension per 10 cm3, as determined gravimetrically. 
 
Stability of boehmite colloids 
Centrifugation of colloids took place for different time periods at 6000 rpm. The 
average size of the remaining suspension was recorded.  
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Figure 5. Average size and kcounts per second of boehmite colloids after different centrifugation 
periods. 
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Figure 5 shows the decrease in the average size and of boehmite before and after 
being centrifuged for different periods of time. The initial size of the colloids, of 
almost 120 nm decreased to approximately 50 nm after centrifuging for 30 minutes. 
Furthermore, this value remained constant when centrifugation was carried out for 
longer times. This experiment showed that the centrifugation time of 40 minutes 
chosen for the sorption and desorption experiments ensured the separation of 
boehmite colloids from solution. 
 
The stability of boehmite colloids was measured by DLS as a function of pH and 
time. Kinetic measurements were carried out by recording the average size of 
boehmite colloids during 60 minutes at different pHs. The results are shown in 
Figure 6. 
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Figure 6. Average size of boehmite colloids as a function of pH and time. 
 
Figure 6 shows the kinetic behaviour of boehmite colloids as a function of pH. Three 
different groups can be observed. The first one, in the bottom part of Figure 6 shown 
by the fully coloured data points, shows constant values throughout the time of the 
experiment. These results suggested stability of the colloids during this time at pHs 
3.7 to 6.7. Increasing the pH, from 7.8 to 8.9, led to an increase of the average size of 
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the colloids with time, suggesting that boehmite colloids were no longer stable, but 
particles were slowly flocculating. A further increase of the pH, to pH 10, showed a 
rapid increase of average size with time, indicating almost immediate flocculation of 
the colloids.  
 
Summarising, Figure 6 indicated that stability of the colloids was ensured at acidic to 
neutral pHs, but colloids were no longer stable at alkaline pHs. This pattern was also 
shown by the zeta potential, shown in Figure 7. 
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Figure 7. Zeta potential of boehmite colloids as a function of pH, for two samples of boehmite 
colloids. 
 
Figure 7 shows the zeta potential of two samples of boehmite colloids across a wide 
range of pHs. The zeta potential was positive in the acidic and neutral range, 
becoming negative at pHs above approximately 8.5 (isoelectric point), in agreement 
with previous literature 86,87,88. 
 
As the sorption experiments investigated were those where Cs, Ni and Eu were 
added to boehmite colloids at different concentrations, the measurement of the zeta 
potential of boehmite colloids in the presence of metals was carried out at pH 7 
(Figure 8). 
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Figure 8 shows the effect of increasing metal concentration on the zeta potential of 
boehmite colloids at pH 7. The average zeta potential of boehmite colloids at the 
same pH is delimited by the shaded area in the graph. The zeta potential measured 
for the metal-colloid suspensions for most of the metal concentrations was within the 
limits of the boehmite colloids alone. Thus, the presence of metal ions in suspension 
did not result in a decrease of the stability of boehmite colloids. 
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Figure 8. Zeta potential of boehmite colloids as a function of metal concentration (Cs, Ni and 
Eu) at pH 7. 
 
2.3.1.2. Montmorillonite 
Montmorillonite colloids were extracted from Montmorillonite K-10 by washing 
repeatedly with NaCl 0.05 mol dm-3, followed by filtering and centrifuging. 
Approximately, 0.4 dm3 of NaCl 0.05 mol dm-3 were used in order to extract colloids 
from the solid. 
 
Two different batches of extracted montmorillonite colloids were characterised prior 
to their use in sorption experiments for characterisation tests. The results are shown 
in Table 4. 
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Table 4. Characterisation of montmorillonite colloids. 
Batch number Average Size (nm) Kcounts per second Zeta potential 
1 426.8 ± 16.1 58.2 ± 0.7 -30.1 ± 2.6 
2 440.0 ± 19.1 43.1 ± 0.5 -33.1 ± 0.5 
 
Stability of montmorillonite colloids 
The stability of colloids with pH was studied by measuring the average size and the 
zeta potential across the range of pH 3 to 12. The results are shown in Figure 9. 
0
1000
2000
3000
4000
5000
6000
2 4 6 8 10 12
pH
Av
er
ag
e 
si
ze
 
(nm
)
a)
 
-50
-45
-40
-35
-30
-25
-20
-15
-10
-5
0
2 4 6 8 10 12
pH
Ze
ta
 
po
te
n
tia
l (m
V)
b)
 
Figure 9. Average size (a) and zeta potential (b) of montmorillonite colloids as a function of pH. 
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The average size measured at low pH was noticeably higher than that measured in 
the neutral and alkaline range, as well as the standard deviation in each of the 
measurements. The results suggested that montmorillonite colloids were not stable at 
low pHs, gaining stability as the pH increased. 
 
The zeta potential of montmorillonite colloids was negative in the whole range of 
pHs studied, in agreement with Kaya et al. 89. 
 
The stability of montmorillonite colloids with ionic strength was studied by 
recording the values of average size, particle size and zeta potential at various ionic 
strengths, adjusted using NaCl. The results are shown in Figure 10. 
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Figure 10. (a) Average size and (b) zeta potential of montmorillonite colloids as a function of 
ionic strength. 
 
Figure 10 shows the effect of increasing ionic strength on the average size and zeta 
potential of montmorillonite colloids. The average size increased slightly with 
increasing values of ionic strength, suggesting a trend to destabilisation as the ionic 
strength increased. The zeta potential values, however, remained constant as the 
ionic strength increased. 
 
The stability experiments carried out indicated that both boehmite and 
montmorillonite colloids were stable at pH 7 and ionic strength 0.05 mol dm-3. Zeta 
potential and DLS measurements suggested that an increase in pH would lead to 
flocculation of boehmite colloids, whereas stability of montmorillonite colloids 
would be ensured at neutral to alkaline pHs. These differences are due to the overall 
positive charge of boehmite and negative charge of montmorillonite. Applied to 
natural media, where pH can be considered near-neutral, the results suggest that at 
low ionic strength values of groundwater flows, both colloids studied would be 
stable. However, in the near-field of a repository, for example, where the pH is 
expected to be high due to dissolution of hydroxides 2, the results suggest that only 
montmorillonite colloids would be mobile, due to coagulation of boehmite colloids. 
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2.3.2. Sorption and desorption experiments 
This section shows the results for the sorption and desorption of metals on both 
boehmite and montmorillonite, in both the colloidal and solid forms of the minerals. 
The section starts with the sorption results on boehmite, followed by the results on 
sorption on montmorillonite. Thereafter, desorption results are shown, first for 
boehmite, then for montmorillonite. Modelling of the sorption of metals on minerals 
is summarised along with the sorption isotherms. 
 
The results of the modelling are shown in the form of graphs and tables listing the 
characteristic parameters of each isotherm. For ease of interpretation desorption 
results are shown in the form of desorption percentages, as the desorption isotherms 
were linear for the range of concentrations studied. 
 
2.3.2.1. Sorption experiments 
2.3.2.1.1. Speciation 
Results for JChess speciation modelling predicted the predominant ionic species for 
the metals and also the ionic species on the surface of the colloids.  
 
Table 5 shows the concentrations of the possible ionic species present in the systems 
under evaluation. The JChess speciation programme predicted that the cationic form 
of Cs, Cs+, would be predominant over the aqueous, non-dissociated form, CsCl. A 
number of hydroxide species were predicted for Ni in the system. However, the 
concentrations of these forms of Ni complexes were orders of magnitude lower than 
the free metal concentration. Even more numerous hydroxide and chloride forms 
were predicted for Eu. In the case of Eu, it was not the free metal the one to dominate 
in solution, but instead a dimeric hydroxide.  
 
Species for boehmite were also predicted, the most dominant species being AlO2-. 
The neutral and cationic form of boehmite were predicted to be present in a lower 
concentration, by one and two orders of magnitude, respectively (Table 5). 
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When applied to the binary systems with montmorillonite colloids, the speciation 
programme yielded similar predictions (Table 7). 
 
Once again the speciation programme predicted higher concentrations of free 
cationic Cs and Ni above the chloride or hydroxide species. In the case of Eu, the 
tetravalent dimer was the predominant species in solution. The concentrations of Ni 
and Eu neutral species (hydroxides or chlorides) were in concentrations below 10-10 
mol dm-3 and thus could be considered negligible. From these results, one can 
assume that the metal was dissolved in solution and was available for sorption onto 
the colloidal surfaces. 
 
Data produced from JChess speciation provided a large number of ionic species 
resulting from the dissociation of montmorillonite. The concentration of Na+ ions 
present in solution, facilitated by montmorillonite was orders of magnitude higher 
than any other species in solution. Moreover, montmorillonite also produced Mg2+ 
ions, which were present in concentrations higher than those of free Ni2+ or Eu3+. 
Figure 3, in section 2.2.1.1.2, shows the structure of montmorillonite, where the 
exchangeable cations are Na+, Mg2+ and Ca2+. Data provided by the speciation 
programme showed large concentrations of Na+ and Mg2+ ions, which can be 
assumed to undergo ion exchange with the metals introduced into suspension (Cs+, 
Ni2+ or Eu3+), playing a key role o 
in the sorption of the latter onto the colloidal surfaces. 
 
Speciation prediction for boehmite showed that AlOO- was the dominant anionic 
species present. Due to the more complex nature of montmorillonite, the speciation 
programme provided many more anionic species, some related to the silicates and 
some from the aluminates. 
 
Both neutral and anionic species would be available for metal sorption. Surface 
complexation could take place at these sites by deprotonation or complexation with 
the amphoteric groups 90. 
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Table 5. Metal speciation for system constituted by 10-3 mol dm-3 MClx and 30 mg boehmite 
colloids at pH 7 and ionic strength 0.05 mol dm-3. 
Ionic 
Species 
[Cs] (mol dm-3) 
Ionic 
Species 
[Ni] (mol dm-3) 
Ionic 
Species 
[Eu] (mol dm-3) 
Cs+ 9.75 x 10-4 Ni2+ 9.98 x 10-4 Eu2(OH)24+ 4.96 x 10-4 
CsCl 2.47 x 10-5 NiCl+ 2.38 x 10-6 Eu3+ 7.78 x 10-6 
  Ni(OH)2 4.56 x 10-10 EuOH2+ 3.45 x 10-7 
  Ni2OH3+ 2.49 x 10-10 EuCl2+ 2.50 x 10-7 
 
 Ni4(OH)44+ 2.21 x 10-12 Eu(OH)2+ 2.08 x 10-7 
 
 Ni(OH)3- 5.64 x 10-14 EuO+ 6.95 x 10-9 
 [Al] (mol dm-3)   EuCl2+ 2.64 x 10-9 
AlO2- 2.26 x 10-9   Eu(OH)3 9.22 x 10-10 
HAlO2 5.22 x 10-10   EuO2H 4.71 x 10-10 
Al(OH)2+ 4.39 x 10-11   EuCl3 3.56 x 10-11 
NaAlO2 1.39 x 10-11   EuCl4- 7.22 x 10-13 
AlOH2+ 3.46 x 10-12   EuO2- 4.70 x 10-13 
Al3+ 8.46 x 10-12   Eu(OH)4- 3.83 x 10-15 
Al2(OH)24+ 1.00 x 10-20     
 
Table 6. Speciation for montmorillonite in the presence of 10-3 MClx, 0.05 mol dm-3 NaCl and 
pH 7. Concentrations in mol dm-3. 
Ionic 
species 
Concentration 
(mol dm-3) 
Ionic 
species 
Concentration 
(mol dm-3) 
SiO2 9.79 x 10-5 NaAlO2 1.34 x 10-9 
NaHSiO3 1.95 x 10-5 Al(OH)2+ 4.90 x 10-11 
HSiO3- 1.49 x 10-7 AlOH2+ 5.37 x 10-12 
AlO2- 2.52 x 10-9 H2SiO42- 3.69 x 10-13 
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Table 7. Metal speciation for system constituted by 10-3 mol dm-3 MClx and 30 mg 
montmorillonite colloids at pH 7 and ionic strength 0.05 mol dm-3. 
Ionic 
Species 
[Cs] (mol dm-3) 
Ionic 
Species 
[Ni] (mol dm-3) 
Ionic 
Species 
[Eu] (mol dm-3) 
Cs+ 9.87 x 10-4 Ni2+ 4.98 x 10-5 Eu2(OH)24+ 2.17 x 10-4 
CsCl 1.35 x 10-5 NiCl+ 5.18 x 10-8 Eu3+ 5.70 x 10-6 
  Ni(OH)2 1.48 x 10-11 EuOH2+ 1.51 x 10-7 
  Ni2OH3+ 6.88 x 10-13 Eu(OH)2+ 6.65 x 10-8 
 
 Ni(OH)3- 2.04 x 10-15 EuCl2+ 6.58 x 10-8 
 
 Ni4(OH)44+ 1.37 x 10-17 EuO+ 2.22 x 10-9 
  
 
 EuCl2+ 3.09 x 10-10 
 
 
 
 Eu(OH)3 2.65 x 10-10 
 
 
 
 EuO2H 1.35 x 10-11 
 
 
 
 EuCl3 2.27 x 10-12 
 
 
 
 EuO2- 1.50 x 10-13 
 
 
 
 EuCl4- 3.08 x 10-14 
 
 
 
 Eu(OH)4- 1.22 x 10-15 
 
2.3.2.1.2. Control experiments 
Two control experiments constituted the study of the sorption of Ni onto solid 
montmorillonite when the pH was buffered and when it was allowed to drift, and 
when the supernatant resulting from separating the colloidal phase from solution 
after the sorption process was filtered through 0.45 or 0.22 µm pore filters. 
 
By measuring the pH of the samples after the equilibration period, a drift in the pH 
towards lower pHs was observed. For example, the pH of the samples for the 
sorption of Cs onto boehmite colloids drifted from 6.96 ± 0.14 to 5.48 ± 0.02. In 
another batch of Cs sorption onto solid montmorillonite, the pH drifted from 6.93 ± 
0.08 to 3.81 ± 0.05. The pH drift was also observed for Ni sorption onto solid 
montmorillonite, where a decrease in 1.30 ± 0.47 units could be observed. From 
these results, the pH of the samples used to investigate the sorption of metals onto 
boehmite and montmorillonite was buffered using MES. 
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After the separation of the colloidal phase from solution by centrifugation, filtering 
of the sample solutions were carried out with syringe filters. The two pore sizes 
tested were 0.45 and 0.22 µm. The differences in the sorption isotherms are shown in 
Figure 11. The sorption isotherms were almost identical, suggesting that colloids 
above 0.22 µm were not present in solution after centrifuging.  
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Figure 11. Ni sorption onto solid montmorillonite at pH 7 and ionic strength 0.05 mol dm-3. 
Filtration through 0.45 and 0.22 µm filters. 
 
2.3.2.1.3. Sorption of metals onto boehmite colloids 
The sorption of Cs, Ni and Eu onto boehmite colloids was studied at different 
boehmite concentrations. Figure 12 shows the sorption of the three metals onto a 
similar concentration of boehmite, approximately 30 mg in 10 cm3. The masses of 
boehmite colloid measured gravimetrically for each set of experiments are shown in 
Table 8. 
 
Table 8. Mass of boehmite colloids in 10 cm3 measured gravimetrically. 
Metal Cs Ni Eu 
Mass boehmite colloids (mg) 29 33.5 28 
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Figure 12. Sorption isotherm for the sorption of Cs, Ni and Eu onto boehmite colloids (30 mg) at 
pH 7 and ionic strength 0.05 mol dm-3. 
 
Sorption of Cs (black circles) and Ni (white squares) was found to be linear in the 
whole range of concentrations studied, with R2 values for the linear fit above 0.9. 
However, Eu (triangles) sorption on colloidal boehmite exhibited a non-linear 
behaviour from low values of Eu in solution. For this reason, the sorption of Eu (in 
Figure 12) is presented as two series, one in which the linear region allowed the 
determination of the distribution ratio; and another in which the whole isotherm is 
shown. Note that these two series overlap each other; consequently, the “Eu linear” 
series can not be appreciated. 
 
Due to the early saturation of the surface by Eu3+ ions, the calculation of a 
distribution coefficient (Rd) in a linear range was confined to the first three data 
points. The following figure shows the Rd values calculated for Eu, reflecting the 
non-linear sorption to boehmite colloids. 
 
Figure 13 shows the distribution ratio values calculated for Eu sorption on colloidal 
boehmite. A clear trend can be seen in which the Rd values decrease as the initial 
metal concentration increased. The Rd is the ratio of bound to dissolved metal; the 
results suggested that the concentration of dissolved metal increased faster than the 
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bound metal as the initial concentration in solution increased. The results indicated 
that at low Eu concentrations, most of the Eu sorbed on the surface, but as the Eu 
concentration increased, Eu ions saturated the surface, causing more Eu to remain in 
solution and hence decreasing the ratio of bound to dissolved Eu. These results are 
also reflected in the percentages of sorption, which also decreased as the 
concentration of Eu increased (Figure 13). 
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Figure 13. Distribution ratios and percentages of sorbed Eu on colloidal boehmite at pH 7 and 
ionic strength 0.05 mol dm-3. 
 
The slope of the linear fit corresponds to the Rd value of the sorption of the metal 
onto the colloid. It is clear from the results that the Rd values, and hence sorption, 
increased as the valency of the metal increased. The Rd values for Cs, Ni and Eu 
were measured as 99.3 ± 9.1, 298.9 ± 15.3 and 16572 dm3 kg-1, respectively. From 
these values, sorption of metals onto boehmite colloids increased in the order Cs < 
Ni < Eu. The trend agrees with general observation for ion exchange equilibria of 
increasing affinity with increasing ionic charge 91. 
 
Modelling 
The results were modelled using Langmuir, Freundlich and D-R equations. As 
observed in Figure 14, the Langmuir model did not fit the experimental results, 
whereas the Freundlich and D-R models were able to fit the data. The most relevant 
parameters from modelling is shown in Table 9. 
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a) Langmuir fit for Cs sorption on boehmite colloids
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b) Langmuir fit for Ni sorption on boehmite colloids
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c) Langmuir fit for Eu sorption on boehmite colloids
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Figure 14. Langmuir fits for (a) Cs, (b) Ni and (c) Eu sorption on boehmite colloids 
(approximately 30 mg) at pH 7 and ionic strength 0.05 mol dm-3. 
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Figure 15. Freundlich fit for metal sorption on boehmite colloids (approximately 30 mg) at pH 7 
and ionic strength 0.05 mol dm-3. 
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D-R fit for metal sorption on boehmite colloids
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Figure 16. D-R fit for metal sorption on boehmite colloids (approximately 30 mg) at pH 7 and 
ionic strength 0.05 mol dm-3. 
 
Table 9. Modelling parameters for metal sorption onto boehmite colloids. 
 Langmuir Freundlich D-R 
 
R2 
Qmax 
mol kg-1 
R2 n R2 
Qmax 
mol kg-1 
E 
kJ mol-1 
Cs 0.9971 < 0 0.9910 1.11 ± 0.04 0.9764 0.215 8.11 
Ni 0.9350 NA 0.9611 0.81 ± 0.06 0.9692 0.298 8.22 
Eu  NA 0.9769 1.87 ± 0.10 0.9888 0.070 13.02 
NA = not applicable 
 
Table 9 shows the significant parameters obtained from modelling the sorption of 
metals onto boehmite colloids. None of the three metals studied was modelled 
satisfactorily by the Langmuir model, shown by the non-linear behaviour of the 
plotted data. Both the Freundlich and the D-R models fitted the experimental data, 
with the following remarks:  
 
From the results Cs showed high values of the Freundlich constant, n, near unity, in 
agreement with the linear sorption isotherm. Both Cs and Ni exhibited similar values 
of free energy of sorption; those values, between 8 and 11 kJ mol-1 suggested an ion 
exchange mechanism 95.  
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The saturation values predicted by the D-R model are below the observed values in 
the sorption isotherm (Figure 12). Eu saturated the surface of boehmite at early 
stages of sorption, with a maximum uptake of approximately 0.1 mol kg-1. The 
predicted saturation values for Ni and Cs were below the experimental value, as the 
predicted values fell in the linear range of sorption. 
 
2.3.2.1.1.1. Influence of colloid concentration 
The sorption behaviours of Cs, Ni and Eu were studied by using different amounts of 
boehmite present in suspension, i.e. changing the solid to liquid ratios. The following 
table shows the mass of boehmite colloids present in 10 cm3 of suspension for each 
metal, measured gravimetrically prior to the sorption experiment. 
 
Table 10. Mass of boehmite colloids in 10 cm3 of suspension measured gravimetrically. 
Metal Mass of boehmite colloid (mg) 
Cs 14 29 
Ni 33.5 54 
Eu 14 28 
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Figure 17. Effect of the solid to liquid ratio on the sorption of (a) Cs, (b) Ni and (c) Eu onto 
boehmite colloids at pH 7 and ionic strength 0.05 mol dm-3. 
 
In the case of Cs and Eu, Figure 17(a) and (c), the sorption of metal onto the colloids 
increased as the amount of boehmite increased, as indicated by the Rd values, 
summarised in Table 11. In the case of Ni, Figure 17(b), the sorption of metal onto 
colloids showed no significant difference.  
 
As the amount of boehmite colloids present in suspension increased, so did the Rd 
values. Logically, the more surface available in suspension, the higher the metal 
sorption. However, this did not apply to Ni, which exhibited lower Rd values at 
higher boehmite concentrations. Zhang et al. 92 suggested particle aggregation could 
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lead to these results, although colloidal stability was observed throughout the 
experiment. 
 
Table 11. Rd values for metal sorption onto varying amounts of boehmite colloids. 
 Rd (dm3 kg-1) 
mg boehmite  14 30 54 
Cs 76.7 ± 1.7 99.3 ± 9.1  
Ni  298.9 ± 15.3 220.9 ± 6.2 
Eu 1135.1 ± 54.6 13851.0  
 
2.3.2.1.1.2. Influence of background electrolyte 
Parallel sorption experiments were carried out to study the influence of the 
background electrolyte on the sorption of Cs onto boehmite colloids. The pH and 
ionic strength conditions were the same as those described in the experimental 
section, only the ionic strength varied and this was adjusted using KCl or NaCl. The 
amount of colloids present in 10 cm3 was approximately 33.5 mg. For ease of 
interpretation of results both the sorption and desorption isotherms are shown (Figure 
18). 
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Figure 18. Effect of the background electrolyte on the (a) sorption and (b) desorption of Cs onto 
boehmite colloids at pH 7 and ionic strength 0.05 mol dm-3. 
 
The sorption isotherm in Figure 18 (a) shows a higher Rd value for the sorption of Cs 
in the presence of NaCl (11.35 ± 0.51 dm3 kg-1) than in the presence of KCl (5.15 ± 
0.42 dm3 kg-1), indicating that higher sorption of Cs onto boehmite colloids took 
place when NaCl was the background electrolyte. Furthermore, the desorption 
isotherms in Figure 18 (b) showed a significant desorption from boehmite colloids in 
the presence of KCl (86.27 ± 7.41%), as opposed to a low desorption in the presence 
of NaCl (8.83 ± 0.46%).  
 
The Rd value obtained for the sorption in the presence of NaCl from Figure 18 (a) 
was lower than that observed in Figure 12, due to the use of a different batch of 
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colloids for these sorption experiments. The latter, which were in the form of powder 
rather than suspended, were used exclusively to study the sorption and desorption of 
different background electrolytes. Although reproducibility could not be proven with 
this batch, the aim was to analyse the influence of background electrolyte. 
 
The presence of the background electrolyte introduced a competition of sorption 
between the Cs+ ions and the electrolyte ions, the latter being present in higher 
concentrations. The results indicated that sorption of Cs was higher and desorption 
was lower in the presence of NaCl, suggesting that NaCl hindered less the sorption of 
Cs to the colloids. Moreover, the results suggest that the competition introduced by 
K+ ions was stronger than that introduced by Na+ ions, which is attributable to the 
greater similarity in both ionic size and electronegativity of K+ ions with Cs+ ions 93. 
These results suggested that the background electrolyte strongly influences the 
interaction of metals with boehmite. 
 
2.3.2.1.4. Sorption on solid boehmite 
Sorption of the three metals studied previously on boehmite colloids was also 
assessed for the solid phase of boehmite, where the size was substantially greater 
than for the colloid phase. Section 2.3.3. will show the difference in surface area 
between the colloidal and the solid phases, which was higher for the colloids. The 
solid to liquid ratio was kept similar to that used in the adsorption to colloidal 
boehmite (30 mg to 10 cm3 suspension) experiments. 
 
Figure 19 shows the sorption isotherms for the sorption of Cs, Ni and Eu onto solid 
boehmite. Two different series were used for the sorption of Eu, one in which the 
linear range of the isotherm is fitted to the linear regression, and another where the 
isotherm is shown for the whole range of concentrations studied. 
 
In general, the sorption increased with the valency of the metal, i.e. the Rd values 
increased from 26.4 ± 0.3 dm3 kg-1 for Cs, to 47.7 ± 1.09 dm3 kg-1 for Ni and 448.4 ± 
8.6 dm3 kg-1 for Eu. Both Cs and Ni showed a linear sorption in the range of metal 
concentrations studied. On the contrary, the non-linear sorption of Eu indicated 
saturation of the solid surface. 
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Figure 19. Sorption isotherm for Cs, Ni and Eu onto solid boehmite at pH 7 and ionic strength 
0.05 mol dm-3. 
 
Solid vs colloid 
All metals showed a greater Rd value for the colloidal phase than for the solid phase, 
consistent with a higher surface area of colloids; moreover, the difference was 
increased with the ionic charge of the metal. In this manner, the Rd for Cs increased 
by 4 times when the surface phase was colloidal. The increase for Ni and Eu was 6 
and 30 fold, respectively (see Table 12 for summarised Rd values). These results 
suggest a direct relation between the Rd, the ionic charge and the surface phase. This 
relationship will be discussed in section 2.4. 
 
Table 12. Distributio ratios for metal sorption on boehmite (colloidal and solid phase). 
  solid to liquid ratio 
(mg : cm3) 
Rd (dm3 kg-1) 
Colloid 29 : 10 99.3 ± 9.1 
Cs 
Solid 100 : 30 26.4 ± 0.3 
Colloid 33.5 : 10 298.9 ± 15.3 
Ni 
Solid 100 : 30 47.7 ± 1.09 
Colloid 28 : 10 13851 
Eu 
Solid 100 : 30 448.4 ± 8.6 
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The sorption behaviour of metals on solid boehmite was modelled (Figure 20) and 
compared to that on colloidal boehmite. Table 13 summarises the results, where, for 
ease of interpretation, the modelling parameters for both solid and colloid are shown 
together. Although the Langmuir model yielded good fits in terms of R2 value, the 
interpretation of the model failed to explain the experimental observations. The units 
for Qmax are mol kg-1 and for the free energy of sorption kJ mol-1. 
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c) D-R fit for metal sorption onto solid boehmite
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Figure 20. Modelling of metal sorption onto solid boehmite at pH 7 and ionic strength 0.05 mol 
dm-3. 
 
Table 13. Modelling parameters for metal sorption onto solid and colloidal boehmite. 
  Langmuir Freundlich D-R 
  R2 Qmax R2 n R2 Qmax E 
Colloid 0.9996 1.71 x 10-2 0.9910 1.11 ± 0.04 0.9602 0.595 7.67 
Cs 
Solid 0.9973 5.83 x 10-3 0.9989 0.99 ± 0.01 0.9823 0.329 7.72 
Colloid 0.9948 < 0 0.9611 0.81 ± 0.06 0.9692 0.298 8.22 
Ni 
Solid 1 < 0 0.9997 0.99 ± 0.01 0.9871 0.587 7.70 
Colloid 0.9781 curve 0.9769 1.87 ± 0.10 0.9608 0.145 12.31 
Eu 
Solid 0.9989 9.39 x 10-2 0.9375 0.82 ± 0.09 0.9706 1.014 8.51 
 
 
Table 13 shows some of the modelling parameters for the sorption of metals onto 
solid and colloidal boehmite. The following conclusions can be made from the 
results: 
• The values for Qmax predicted by the Langmuir model were lower than those 
observed experimentally in the sorption isotherm. The D-R model predicted 
Qmax values similar to those observed experimentally for Ni and Cs, but 
overpredicted the value for Eu. 
• The Langmuir model failed to predict the sorption of Ni onto boehmite, both 
in the colloid and the solid phase. 
• The Freundlich model predicted high values of n for Cs and Ni, consistent 
with the linear sorption observed in the isotherms. The values predicted for 
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Eu sorption on colloids were lower, as well consistent with the saturation of 
boehmite by the cations.  
• Cs and Ni sorption onto boehmite, both colloids and solid, was best described 
by the Freundlich isotherm, as better values of R2 were obtained.  
•  
2.3.2.1.5. Sorption onto montmorillonite colloids 
The sorption of Cs, Ni and Eu onto montmorillonite colloids was studied. The 
sorption isotherm of the three metals is shown in Figure 21. Different batches of 
montmorillonite colloids were used to measure the sorption experiments. The mass 
of montmorillonite colloids in the vials, measured by gravimetric analysis, as well as 
the average size are shown in Table 14. 
 
Table 14. Characteristic parameters of montmorillonite colloids used in sorption batch 
experiments. 
Metal Mass (mg) Average size (nm) 
Cs 60 583.6 ± 33.8 
Ni 11 559.3 ± 156.5 
Eu 16 775.7 ± 168.8 
 
Table 14 shows a significant variability in the mass of colloids present in each set of 
adsorption experiments. This reflects the difficulty in preparing the montmorillonite 
colloids. The size of the colloids was in all cases above 500 nm and therefore still in 
the colloidal region. 
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Figure 21. Sorption isotherms for (a) Cs, (b) Ni and (c) Eu sorption onto montmorillonite 
colloids at pH 7 and ionic strength 0.05 mol dm-3. 
 
Figure 21 shows linear sorption for Cs throughout the range of concentrations 
studied. The distribution ratio, Rd, could be determined from the slope, and was 33.5 
± 0.7 dm3 kg-1. Sorption of Ni increased linearly at low Ni concentrations but curved 
at higher Ni concentrations, indicating saturation of montmorillonite colloids. The 
slope of linear range of the isotherm represents the Rd value, which calculated for the 
desired range yielded 278.53 ± 9.51 dm3 kg-1. Eu sorption onto montmorillonite 
colloids increased sharply at low concentrations and curved reaching a plateau at the 
range of concentrations studied. This plateau indicated the sorption capacity of 
montmorillonite colloids, since the colloids reached saturation with Eu3+ ions. The 
linear range of the isotherm corresponds to the distribution ratio value, Rd, which 
yielded 4174.1 ± 164.4 dm3 kg-1. 
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In general, the sorption of metals onto montmorillonite colloids increased as the 
valence of the metal increased, consistent with the general trend observed in earlier 
sections where an increase in the ionic charge led to an increase in sorption. 
Furthermore, saturation of the colloids occurred at lower metal concentrations as the 
valence of the metal increased.  
 
The sorption of metals onto montmorillonite colloids was modelled with the 
Langmuir, Freundlich and D-R models (Figure 22). The results are summarised in 
Table 15. The maximum amount of metal sorbed (Qmax) is in mol kg-1 and the free 
energy of sorption (E) in kJ mol-1. 
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b) Freundlich fit for sorption on montmorillonite colloids
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c) D-R fit for sorption on montmorillonite colloids
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Figure 22. Modelling metal sorption on montmorillonite colloids at pH 7 and ionic strength 0.05 
mol dm-3. 
 
Table 15. Modelling parameters for metal sorption on montmorillonite colloids. 
 Langmuir Freundlich D-R 
 R2 Qmax (x10-2) R2 n R2 Qmax (x10-2) E 
Cs 0.9998 1.695 0.9997 0.95 ± 0.01 0.9847 37.1 7.95 
Ni 0.9954 3.375 0.9865 0.71 ± 0.03 0.9685 50.2 9.37 
Eu 0.9996 65.656 0.9409 0.65 ± 0.07 0.9796 389.6 9.45 
 
In general, the three models fit the experimental data yielding high values of R2 
(most of them above 0.98). The values of Qmax predicted by the Langmuir and by the 
D-R model observed in Table 15 were an order of magnitude lower for the Langmuir 
model. The sorption isotherm in Figure 21 indicated that the Qmax for Ni and Eu were 
approximately 20 and 80 x 10-2 mol kg-1, respectively. The Langmuir model 
underpredicted these values for both Cs and Ni; however, the value predicted for Eu 
was close to that observed. Thus, the Langmuir model fitted better the experimental 
behaviour for Eu. The linearity shown in the sorption isotherm for Cs is reflected in 
the high value of the Freundlich constant, n. 
 
Finally, the D-R model overpredicted the values of sorption capacity (not for Cs). 
The mean energy predicted for the three metals suggested an ion exchange 
mechanism of sorption. 
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2.3.2.1.6. Sorption on solid montmorillonite 
The sorption of Cs, Ni and Eu to solid montmorillonite was investigated in the same 
way as that used for the colloidal phase. The mass of montmorillonite solid added to 
each vial was 50 mg for the Cs, 10 mg for the Ni batches and 16 mg for the Eu 
batch.
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Figure 23.  Sorption isotherms for (a) Cs, (b) Ni and (c) Eu sorption onto solid montmorillonite 
(black squares) and onto colloid (white triangles). 
 
Figure 23 shows the isotherms for metal sorption onto solid montmorillonite. For 
ease of comparison, the sorption isotherms using the colloidal phase are also shown. 
Cs sorption onto solid montmorillonite showed a curved isotherm, suggesting a 
tendency to saturation. The slope of the linear range represented the distribution 
ratio, Rd, which was measured as 114.7 ± 6.0 dm3 kg-1. Ni sorption onto solid 
montmorillonite showed a tendency to saturation at higher Ni concentrations, which 
also occurred in the sorption to the colloidal phase. The Rd value yielded 51.5 ± 1.7 
dm3 kg-1. Finally, sorption of Eu onto the solid phase of montmorillonite showed a 
steep increase at low metal concentrations, followed by a plateau and increased again 
at higher metal concentrations. The increase shown by the last data point could be 
due to either experimental error, or due to precipitation of a hydroxide form of Eu. 
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The Rd value was calculated as 4251.9 ± 427.8 dm3 kg-1. The sorption of metals on 
montmorillonite increased in the order Ni < Cs < Eu. 
 
The sorption of metals onto montmorillonite was modelled using the Langmuir, 
Freundlich and D-R isotherms (Figure 24). The relevant parameters are shown in 
Table 16. The values of Qmax are mol kg-1 and the free energy kJ mol-1. 
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b) Freundlich Fit on solid montmorillonite
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c) D-R Fit on solid montmorillonite
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Figure 24. Modelling metal sorption on solid montmorillonite at pH 7 and ionic strength 0.05 
mol dm-3. 
 
Table 16. Modelling parameters for metal sorption on solid montmorillonite. 
 Langmuir Freundlich D-R 
 R2 Qmax x10-2 R2 n R2 Qmax x10-2 E 
Cs 0.9977 18.7 0.9991 0.763 ± 0.01 0.992 50.4 8.70 
Ni 0.998 6.30 0.9988 0.855 ± 0.01 0.9885 30.4 9.21 
Eu 0.9931 401 0.9433 0.456 ± 0.05 0.9729 189.8 11.32 
 
The sorption capacity of the solid, Qmax, is expressed as mol kg-1 and the mean 
energy as kJ mol-1. From the results in Table 16, the Langmuir model underpredicted 
the sorption capacity of the solid for each of the metals, thus failing to explain 
appropiately the experimental observations. The D-R model predicted, for all of the 
metals, mean free energy values above 8 kJ mol-1 suggesting sorption took place via 
an ion exchange mechanism. The values found for the Freundlich constant, n, are in  
agreement with those found in the literature for sorption experiments under similar 
experimental conditions 94,95. 
 
Influence of the solid to liquid ratio 
The amount of montmorillonite used in the colloidal phase during the investigations 
of Ni was of approximately 11 mg. A separate batch experiment was carried out 
where the amount of montmorillonite weighed in the vial was 10 mg. The rest of the 
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sorption experiments were carried out following the same procedure as described for 
all the sorption experiments performed. 
 
Series “10 mg linear” and “50 mg linear” in Figure 25 overlapped with “10 mg 
montmorillonite” and “50 mg montmorillonite”, respectively. 
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Figure 25. Sorption isotherm for Ni sorption on solid montmorillonite at different solid to liquid 
ratio, pH 7 and ionic strength 0.05 mol dm-3. 
 
Figure 25 shows the sorption of Ni onto solid montmorillonite at two different 
concentrations of montmorillonite in suspension, 10 and 50 mg in 10 cm3. The lower 
concentration was chosen to compare the sorption of Ni on solid mineral to that on 
the colloidal phase. The isotherm shows two clearly distinct behaviours in the 
sorption of Ni on montmorillonite depending on the solid to liquid ratio. The series in 
black represents the sorption on 10 mg solid mineral and is characterised by a linear 
region, followed by a slight decrease in sorption leading to saturation. The data point 
highlighted by the circle was chosen to be accounted in the linear region, despite its 
slightly higher value. Not taking this point into consideration when calculating the 
distribution ratio from the linear region, would yield an Rd value of 159.79 dm3 kg-1, 
which is a value close to that reported earlier. The Rd value for the sorption of Ni on 
10 mg of solid montmorillonite yielded 164.37 ± 0.63 dm3 kg-1, which was 
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significantly higher than the resulting value when the amount of solid increased to 50 
mg, 51.46 ± 1.71 dm3 kg-1. 
 
Solid vs colloid 
Table 17 compares the Rd values for the sorption to the colloidal and solid phases of 
montmorillonite. Together with the distribution ratios, the mass of montmorillonite 
in each batch is also shown, as well as the type of isotherm observed in the range of 
concentrations studied, either linear or curved. 
 
Table 17. Sorption parameters for metal sorption on montmorillonite (colloidal and solid 
phase). 
 phase mass (mg) Rd (dm3 kg-1) isotherm 
colloid 60 33.5 ± 0.7 linear 
Cs 
solid 50 114.7 ± 6.0 curved 
colloid 16 99.9 ± 19.4 curved 
solid 10 164.4 ± 0.6 curved Ni 
solid 50 51.5 ± 1.7 curved 
colloid 11 4174.1 ± 164.4 curved 
Eu 
solid 16 4251.9 ± 427.8 curved 
 
The general trend observed in section 3.2.1.2. in which changing the mineral phase 
of the boehmite led to an increase of the Rd value was not observed in the case of 
montmorillonite. Analysing the possible reasons, the sorption experiments were 
carried out in the same way and the amounts of montmorillonite are similar in the 
colloidal and the solid phase. However, the solid montmorillonite was not pre-
conditioned prior to the sorption experiments. During the extraction of colloids, 
montmorillonite was saturated with Na+ ions, thereby introducing a competitive 
element during the sorption experiment. 
 
In addition to the Rd value, differences in the modelling of the sorption of metals on 
montmorillonite were also assessed. 
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Table 18. Modelling parameters for metal sorption onto colloidal and solid montmorillonite. 
  Langmuir Freundlich D-R 
  R2 Qmax (x10-2) R2 n R2 Qmax (x10-2) E 
Coll 0.9998 1.70 0.9997 0.956 0.9847 37.1 7.95 
Cs 
Solid 0.9977 1.87 0.9991 0.763 0.9920 50.4 8.70 
Coll 0.9953 3.54 0.9865 0.708 0.9792 58.9 9.28 
Ni 
Solid 0.9980 0.63 0.9988 0.855 0.9885 30.4 9.21 
Coll 0.9996 65.66 0.9409 0.650 0.9796 389.6 9.45 
Eu 
Solid 0.9931 40.12 0.9433 0.456 0.9729 189.8 11.32 
Coll : Colloid 
 
The R2 values obtained for most of the fits were above 0.99, indicating good fits. Eu 
sorption onto solid montmorillonite was best fitted by the Langmuir isotherm. In 
addition, the predicted sorption capacities agree with those observed experimentally 
in the sorption isotherms. The D-R fits exhibited lower R2 values for the three 
metals, but suggested ion exchange mechanism for the sorption of the metals on 
montmorillonite. Eu was the metal to present higher values of mean energy of 
sorption. Finally, the Freundlich isotherm predicted the linear sorption of Cs on 
colloids and the non-linear behaviour of the metals on montmorillonite. 
 
2.3.2.2. Desorption experiments 
Following the sorption experiments, a series of three consecutive desorptions were 
carried out to study the extent of the reversibility of the sorption. To this purpose, an 
aliquot of fresh electrolyte solution was added to restore the initial volume. The 
activities obtained from the desorbed metal were transformed by mathematical 
operations into metal concentrations. The plot of the desorbed metal concentration 
versus the concentration of bound metal (from sorption) resulted in the desorption 
isotherm. For ease of interpretation desorption is shown as desorption percentages. 
This was possible when the desorption isotherms were linear in the range of 
concentrations studied. As a result, the desorption percentage was derived from the 
slope. 
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2.3.2.2.1. Desorption from boehmite colloids 
Figure 26 shows the desorption percentages for the three consecutive desorptions 
(white, lined and dotted columns in figure) carried out following the sorption of Cs, 
Ni and Eu onto boehmite colloid. The total desorptions calculated for each metal 
after the three steps were: 19.75 ± 7.12, 63.33 ± 7.17 and 30.01 ± 1.24 % for Cs, Ni 
and Eu, respectively. Ni was the metal which showed the highest desorption 
percentage, followed by Eu and Cs. All the metals showed the same general trend: 
the first desorption was the one in which the greater amount of metal was desorbed, 
especially for Cs, which did not show significant desorption percentage beyond the 
first desorption. Overall, the results indicated that sorption was reversible to a greater 
or a lesser extent. The desorption isotherms from which the desorption percentages 
were calculated are shown in Figure 27 to Figure 29. 
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Figure 26. Desorption percentages for three consecutive desorptions of metals from boehmite 
colloids (30 mg) at pH 7 and ionic strength 0.05 mol dm-3. 
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b) Caesium Desorptions 2 and 3 from Boehmite (29mg)
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Figure 27. (a) First and (b) second and third desorptions of Cs from boehmite colloids at pH 7 
and ionic strength 0.05 mol dm-3. 
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Figure 28. First, second and third desorption of Ni from boehmite colloids. 
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Figure 29. First, second and third desorption of Eu from boehmite colloids. 
 
2.3.2.2.1.1. Influence of colloid concentration 
The reversibility of the sorption of metals onto boehmite colloids in the presence of 
different concentrations of colloids was studied by carrying out three consecutive 
desorption steps following the sorption experiments. 
 
As a reminder, two different concentrations of colloids were used in the sorption 
experiments. The masses of boehmite colloids in each experiment are summarised in 
Table 8. 
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Figure 30 shows three different illustrations, one for each of the metals; furthermore, 
each illustration represents the three desorption results for the two different masses 
of colloid, indicated in the x-axis. 
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Figure 30. Influence of solid to liquid ratio on the desorption of (a) Cs, (b) Ni and (c) Eu from 
boehmite colloids. 
 
A number of conclusions can be drawn from Figure 30: 
• Ni was the metal to show higher overall desorption percentage, followed by 
Eu and Cs, which was the metal to exhibit larger irreversibility. 
• The concentration of boehmite did not influence significantly the desorption 
behaviour of Cs or Eu. However, the desorption percentages of Ni decreased 
with an increase of the amount of boehmite in suspension.  
• In all cases, the first desorption showed higher values than the second or 
third. 
 
2.3.2.2.2. Desorption from solid boehmite  
The desorption percentages for the three consecutive desorptions, determined from 
the desorption isotherms are shown in Figure 31. The desorption isotherms are 
shown in Figure 32. In the case of Cs, the second desorption yielded low values, 
constant for all concentrations used; thus, the average value was used as the 
desorption percentage. 
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Figure 31. Desorption percentages for three consecutive desorptions of metals from solid 
boehmite  at pH 7 and ionic strength 0.05 mol dm-3. 
 
The total desorption percentages shown in Figure 31 were 30.77 ± 13.37% for Cs, 
56.75 ± 3.06% for Ni and 22.59 ± 3.34% for Eu. The order of desorption for the 
metals was Eu < Cs < Ni. No significant desorption of Cs took place after the first 
step, whereas Ni and Eu displayed similar desorption percentages for the first and 
second washes. The results for Cs suggested that 70% of Cs interacted with boehmite 
through formation of chemical strong bonds which were not altered by electrolyte 
washes;  whereas the 30% desorbed was only physically bound through electrostatic 
interactions. On introduction of electrolyte solution, the Na+ cations replaced the Cs+ 
cations, releasing them into solution. The results observed for Ni and Eu suggested 
that ion exchange also took place between the Na+ ions in the electrolyte solution and 
the metal ions on the surface. 
 
Solid vs colloid 
The desorption percentages determined for the solid and the colloidal phase were not 
significantly different, only slight differences could be observed (Table 19), except 
for Cs, which desorbed in a greater percentage from the solid phase. 
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Table 19. Desorption percentages for metal desorption from boehmite (colloidal and solid 
phase). 
 Overall desorption percentage 
Metal Colloid Solid 
Cs 19.75 ± 7.12 30.77 ± 13.37 
Ni 63.33 ± 7.17 56.75 ± 3.06 
Eu 30.01 ± 1.24 22.59 ± 3.34 
 
a) Cs desorption from solid boehmite
0.0E+00
5.0E-03
1.0E-02
1.5E-02
2.0E-02
2.5E-02
3.0E-02
3.5E-02
0.0E+00 2.0E-02 4.0E-02 6.0E-02 8.0E-02 1.0E-01 1.2E-01
[Cs]bound (mol kg-1)
[C
s] d
es
o
rb
e
d 
(m
ol
 
kg
-
1 )
 
b) Ni desorption from solid boehmite
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c) Eu desorption from solid boehmite
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Figure 32. Metal desorption from solid boehmite at pH 7 and ionic strength 0.05 mol dm-3. 
 
2.3.2.2.3. Desorption from montmorillonite colloids 
Figure 33 shows the desorption percentages for Cs, Ni and Eu desorption from 
montmorillonite colloids in three consecutive desorption steps. The total desorption 
percentages observed for each metal were 16.70 ± 1.71% for Cs, 43.51 ± 6.24% for 
Ni and 4.75 ± 2.62% for Eu. The highest desorption percentage was that from Ni, 
followed by Cs and then Eu. The general trend for all the metals was that the first 
desorption was the main desorption. The desorption isotherms from which the 
desorption data was derived are shown in Figure 34. 
 
The results from the sorption experiment (Figure 21) showed that sorption increased 
in the order Cs < Ni < Eu. Figure 33 showed that the order of desorption was Eu < Cs 
< Ni. These results suggested that Eu was the metal which sorbed more strongly to 
montmorillonite colloids, as it sorbed to a greater extent and desorbed the least from 
the colloids. 
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Figure 33. Desorption percentages for three consecutive desorption steps of metals from 
montmorillonite colloids at pH 7 and ionic strength 0.05 mol dm-3. 
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b) Ni desorption from montmorillonite colloids
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c) Eu desorption from montmorillonite colloids
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Figure 34. Metal desorption from montmorillonite colloids at pH 7 and ionic strength 0.05 mol 
dm-3. 
2.3.2.2.4. Desorption from solid montmorillonite 
Figure 35 shows the desorption percentages for Cs, Ni and Eu from solid 
montmorillonite. The total desorption percentages after three consecutive steps were: 
69.49 ± 1.80, 42.99 ± 1.18 and 2.59 ± 0.02% for Cs, Ni and Eu, respectively. 
Desorption occurred in a greater extent in the case of Cs, followed by Ni and then 
Eu. The desorption of Cs contrasted with previous experiments where little 
desorption took place beyond the first wash. 
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As indicated from the desorption experiments, sorption of Cs and Ni onto solid 
montmorillonite was reversible, as almost 70 and 50%, respectively, of the metal 
sorbed onto the solid was afterwards removed by washing with electrolyte. On the 
contrary, Eu exhibited low reversibility, with 3% desorption. The desorption of Eu 
from the colloidal phase of the mineral also suggested low reversibility. 
 
The desorption percentages calculated for the solid phase of montmorillonite are 
similar to those calculated for the colloidal phase (see Figure 33), except for Cs, 
which desorbed four times more from the solid phase than from the colloid.  
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Figure 35. Desorption percentages for three consecutive desorption steps of metals from solid 
montmorillonite at pH 7 and ionic strength 0.05 mol dm-3. 
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a) Cs desorption from solid montmorillonite
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b) Ni desorption from solid montmorillonite
0.0E+00
2.0E-03
4.0E-03
6.0E-03
8.0E-03
1.0E-02
1.2E-02
1.4E-02
1.6E-02
1.8E-02
0.0E+00 1.0E-02 2.0E-02 3.0E-02 4.0E-02 5.0E-02 6.0E-02 7.0E-02
[Ni]bound (mol kg-1)
[N
i] de
so
rb
ed
 
(m
o
l k
g-
1 )
Desorption 1 Desorption 2 Desorption 3
 
Colloid Binary Systems                                                                       Page 99 of 214 
c) Eu desorption from montmorillonite solid
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Figure 36. First, second and third desorption for (a) Cs, (b) Ni and (c) Eu from solid 
montmorillonite at pH 7 and ionic strength 0.05 mol dm-3. 
 
2.3.3. Surface area of boehmite 
The specific surface area of boehmite colloids was measured by N2-BET adsorption. 
PEC and CEC were also measured for the colloidal and the solid phase of boehmite. 
However, the CEC and PEC increases are not proportional to the increase in surface 
area. Table 20 shows the difference in surface parameters between the colloidal and 
the solid phase of boehmite. The average size was approximately 70 times higher for 
the solid phase (considering the average size as 7000 nm; data provided by 
manufacturer). Consequently, some characteristic parameters of the surface were 
significantly smaller for the solid phase: the specific surface area measured by BET 
was 50 times bigger for the colloid, the difference in the CEC was 3 times more for 
the colloid and finally an order of magnitude was the difference in the PEC, greater 
for the colloid. The results show that the larger surface area of the colloid results in a 
higher CEC and PEC. However, the CEC and PEC increases are not proportional to 
the increase in surface area. 
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Table 20. Surface parameters of colloidal and solid boehmite. 
Boehmite 
Average size 
(nm) 
Surface Area 
(m2 g-1) 
CEC 
(meq g-1) 
PEC 
(mol H+ g-1 boehmite) 
Colloid 122.4 ± 3.9 114.2797 ± 0.9035 21.57 ± 1.05 2.6 x 10-4 ± 6.2 x 10-6 
Solid * 2.4673 ± 0.0018 7.12 ± 0.10 1.3 x 10-5 ± 3.0 x 10-6 
*Diameter (µm) as provided by manufacturer: d10 = 1.2; d50 = 7; d90 = 17 
d10 indicates that 10% of the particles have a smaller diameter than 1.2 µm, being the remainder 90% larger 
than that size. d50 and d90 indicate same parameters. 
 
The BET method involves the solidification of the colloids, a process which may 
affect the structure or surface properties of the colloids. Therefore, other methods 
have been developed to measure the surface area of colloids. These methods involve 
the adsorption of an appropiate dye to the colloids 79. The method was described in 
section 2.2.4.1.  
 
For ease of use, the method was first applied to the solid. As boehmite is positively 
charged in the range of pHs studied, the method required the selection of a suitable 
dye. Unfortunately, none of the dyes tried herein were suitable for the measurement 
of the surface area of boehmite. The following table summarises the problems 
encountered when using the dyes, as well as the conditions tried. The third column 
shows, in most of the cases, the absorbance observed for the dye solution (named 
blank) and the absorbance for the dye-solid sample. When the absorbance measured 
for the sample was similar to that measured for the blank, no sorption took place. 
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Table 21. Attempt to measure surface area of boehmite by adsorption of organic dyes. 
Dye Conditions Problems 
DPSO 
[DPSO] = 5x10-4,  
8.3x10-6 mol dm-3 
UV too concentrated for higher 
concentration and not measurable for lower 
concentration. Range too narrow. 
NBA 
[NBA] = 10-4 mol dm-3 
m boe = 0.955 g 
Blank A = 0.9788 
A = 1.1500 
No sorption observed 
[3NP] = 10-2 mol dm-3 
m boe = 0.0999 g 
m boe = 0.2020 g 
m boe = 0.3015 g 
Blank A = 0.7189 
A = 0.7330 
A = 0.7743 
A = 0.7450 
No sorption observed 
[3NP] = 10-3 mol dm-3 
m boe = 0.1042 g 
No sorption observed. 
3NP 
[3NP] = 10-4 mol dm-3 
m boe = 0.2023 g 
No sorption observed. 
[Ponceau S] = 1% v/v 
m boe = 0.3064 g 
m boe = 0.3001 g 
m boe = 0.3013 g 
Colour of dye disappeared. Apparent 
sorption. However, UV showed sorption. 
Possible reason could be decomposition of 
dye. 
[Ponceau S] = 1% v/v 
m boe = 0.2998 g 
m boe = 0.3056 g 
m boe = 0.3023 g 
This time equilibration time was changed to 
5 minutes. Just after the solid and dye were 
added together, a red solid started to 
precipitate. pH was 1.37. 
Ponceau S 
[Ponceau S] = 7.5x10-3, 
5x10-3, 2.5x10-3 % v/v 
m boe ≈ 0.2 g 
pH was taken to 9 with NH3OH. The three 
solutions studied turned white immediately 
after adding the boehmite. After 
centrifuging the solution was still cloudy. 
After filtering the solution was still cloudy. 
UV could not be measured. 
 
The last dye used, Ponceau S, seemed to be decomposing in the presence of 
boehmite, since the resulting colourless solution after the equilibration time showed 
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high absorbance in the UV. In case the aluminium was having a chemical effect on 
the dye, an experiment was carried out where the same concentration of dye (1 % 
v/v) was contacted with 0.3 g of AlCl3 and Al(OH)3. However, no changes were 
observed. Hence, apparently only boehmite had an effect on the dye at this 
concentration. Also, the calibration curve for this dye could only be acquired 
between 2.5 x 10-3 and 7.5 x 10-3 % v/v, since higher concentrations were too 
concentrated for UV and lower concentrations gave absorbance below 0.1 
(background range). 
 
Although a wide range of dyes were used, under different conditions, the 
measurement of the surface area of boehmite by using a dye was unsuccesful. 
 
2.3.3.1. Surface imaging 
SEM and XRD measurements were carried out on boehmite colloids, solid and on 
those metal-bound colloidal samples. SEM images were taken expecting to observe 
differences in the surfaces between colloidal and solid boehmite. Furthermore, SEM 
images were taken on metal-bound, radiotracer-free boehmite samples aiming to 
observe any changes induced by the sorption of metals onto the colloids. 
 
XRD measurements were used initially to compare both colloidal and solid 
boehmite, expecting to observe similar or identical diffractograms. XRD was further 
used to observe whether the sorption of metals and HA had altered the structure of 
boehmite. 
 
XRD measurements for boehmite, both the colloidal and the solid phase, showed 
identical diffractions for both phases (Figure 37). Further, the programme verified 
the presence of boehmite by positive match with the reference boehmite (Figure 38). 
The width of the peaks is inversely proportional to the size of the particles. Hence, 
the broader peaks observed for colloidal boehmite is consistent with a smaller size of 
the particles. The Scherrer equation 96 is defined as follows: 
 
θ
λ
cos
9.0
⋅
⋅
=
B
L  Equation 2.16 
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Where L represents the size of the particle, in Å, λ is the wavelength (λ = 1.5418 Å), 
B is the full width at half maximum intensity of the peak, in radians and θ is the 
angle. L could be calculated in nm by multiplying the original value by 10, as 1 nm = 
10 Å. 
 
The Scherrer equation was used to calculate the size of boehmite particles for the 
first three peaks from Figure 37. The results are shown in Table 22. 
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Figure 37. XRD diffractograms of solid and colloidal boehmite. 
 
 
Table 22. Size of colloidal and solid boehmite calculated by the Scherrer equation. 
 Colloid Solid 
Size (nm) 417.5 10146.4 
 
The size of colloidal boehmite, as calculated by the Scherrer equation is orders of 
magnitude lower than the size observed for the solid particles of boehmite, in 
agreement with average size measurements carried out by DLS. However, the size 
measured for the colloidal boehmite is slightly higher than that measured in 
suspension by DLS (approximately 124 nm, Table 3). The increase in size is most 
probably due to aggregation of particles which took place during the evaporation 
process prior to the XRD measurement. 
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Two important conclusions could be drawn from the XRD measurements: (a) the 
size of colloidal particles was indeed significantly lower than the size of solid 
particles and that the solidification process affected the colloidal suspension by 
forming aggregates which altered the surface characteristics of the colloids, i.e. their 
size. 
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Figure 38. XRD Powder diffraction for boehmite (colloidal and solid samples) compared to reference boehmite.
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The powder diffractions observed in Figure 37 show the presence of peaks at the 
same 2-theta degree, indicating that the same mineral was being analysed. The 
broader peak for the colloidal boehmite sample, together with the smaller (lower 
intensity) peaks, are probably due to the smaller amount of sample introduced in the 
instrument. 
 
XRD measurements for boehmite colloids and metal-bound-boehmite colloids 
showed no significant differences, suggesting that the metals did not cause any 
alteration in the structure of boehmite (Figure 39). 
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Figure 39. Effect of metal binding on boehmite colloids. 
 
The SEM images were combined with EDAX mapping. The latter confirmed Al and 
O were dominant in boehmite. The images for boehmite colloids and solid are shown 
in Figure 40. 
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Figure 40. SEM images for boehmite (a) colloids and (b) solid. 
 
The boehmite colloids were oven-dried prior to the measurement, resulting in a 
needle-like structure. Figure 40(a) shows the edge of that structure, which exhibited a 
rough surface with cavities. Instead, solid boehmite particles (Figure 40(b)) showed 
aggregation of pellets of smooth surface. 
 
Samples of the radiotracer-free sorption batch experiments were also oven-dried 
prior to the surface imaging on SEM. EDAX mapping showed no metal on the 
surface, most probably due to the low concentrations of metal present. Due to the 
evaporation process, the SEM showed the samples to be mechanically broken. SEM 
images of Cs-, Ni- and Eu-sorbed boehmite colloids are shown in Figure 41 to Figure 
43. All the SEM images show aggregates of particles, which probably originated 
during the evaporation process. For ease of understanding and interpretation, 
different expansions are shown, where a variety of sizes of the aggregates can be 
observed. 
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Figure 41. SEM images for Cs-bound boehmite colloids. 
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Figure 42. SEM images for Ni-bound boehmite colloids. 
 
   
Figure 43. SEM images for Eu-bound boehmite colloids. 
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2.4. Discussions 
Other studies reported in the literature have shown that metal sorption has generally 
been studied on solid surfaces rather than colloidal surfaces. The investigations 
herein have shown sorption isotherms and interpretations on both phases of minerals. 
 
2.4.1. Metals and Boehmite 
Sorption of Cs, Ni and Eu studied in this work, together with other investigations 
have shown that boehmite, despite being positively charged, can act as an adsorbent 
of cations through the OH- groups. Spectroscopic studies have shown the 
mechanisms of interaction of multivalent metals with boehmite colloids. In this 
manner, Cu(II) was found to coordinate to the oxygens in the AlOOH 97, thereby 
forming inner-sphere complexes. As(V) associated to boehmite by forming bidentate 
binuclear structures, where As coordinated to two oxygens in a tetrahedral 
coordination 98. Hiemstra et al. 99 concluded that the sorption of Fe(II) to boehmite 
could be explained in the same manner. Meng et al. 100 studied the sorption of Eu 
onto pseudo-boehmite and found that the chemical adsorption was due to 
electrostatic attraction. Phosphorous covered 20% of the boehmite surface at pH 4 
101
. Liu et al. 102 observed the reversibility of the sorption of Cd(II) to boehmite by 
means of column experiments. Finally, the reversibility of the sorption of metals onto 
boehmite colloids has also been observed in the case of Cr(VI) 59 and Rh(VII) 53. 
 
To summarise the experimental observations, the sorption of metals onto boehmite 
(colloids and solid) increased with the ionic charge of the metal, and the Rd values 
were higher for the sorption onto the colloidal phase compared to those on the solid 
phase, due to the higher surface area of the colloid. Desorption experiments showed 
that Ni was the metal to desorb the most after three consecutive washes and that Cs 
desorption took place mainly after the first desorption. In the case of this metal, 
further washes did not exctract more metal from the surface of either colloidal or 
solid boehmite.  
 
Na+ ions, present in solution, compete succesfully with Cs+ ions for outer-sphere 
sites 103, leading to a reversible sorption of Cs on boehmite, as observed 
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experimentally. However, this reversibility was only partial, as a significant amount 
of Cs remained sorbed after the first desorption. Hence, not only ion exchange 
mechanism, but also inner-sphere complexation can be assumed from the irreversible 
sorption observed. Although ion exchange is the main mechanism for Cs uptake on 
minerals 104, Kim et al. 103 proposed as well stronger bonds via inner-sphere 
complexation , which takes place by the proximity of Cs to the Stern layer. 
 
Ni sorption on boehmite was linear and showed the highest reversibility on boehmite. 
The D-R model predicted ion exchange as the main mechanism for the sorption of Ni 
on boehmite, which would explain the high desorption observed. The presence of 
weak and strong binding surface sites were assumed by Villaseñor Nano 105 when 
investigating the sorption of Fe(II) onto oxides, and may also apply to the sorption of 
Ni onto boehmite colloids. 
 
Batch sorption experiments indicated that Eu sorbed almost completely to boehmite 
at low concentrations, but soon saturated the surface of boehmite. Kraemer et al. 67 
reported sorption percentages above 98% at metal concentrations 3 µmol dm-3 at pH 
6.3, in agreement with the experimental observations. The high sorption of the metal 
to the boehmite surface might be due to the bonding of hydrated Eu to the aluminol 
groups 47,106. Naveau et al. 107 modelled succesfully the sorption of Eu on goethite by 
introducing into the surface complexation model the ternary complexes 
≡XOHEuCl2+ and ≡XOHEu(OH)2. These weak and electrostatic bonding lead to 
dettachment of the metal and thus reversible sorption may be expected. 
 
Sorption of metals on boehmite, both solid and colloids, increased in the order:  
Cs < Ni < Eu 
Which agrees with the general trend that an increase in ionic charge leads to an 
increase in sorption 91. Desorption increased in the order:  
Cs ≤ Eu < Ni 
The desorption percentages observed for Cs from boehmite colloids were lower than 
those for Eu in the colloidal phase, but was in the same order (considering error) in 
the solid phase. The divalent metal was the one to desorb to a greater extent from 
boehmite in both phases, therefore, ionic charge is not the dominant factor to 
determine the extent of desorption. From the three metals studied, Ni is the metal to 
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exhibit the highest electronegativity and the lowest size (see Table 23). According to 
the hard-soft-acid-base rule, a hard acid is that Lewis acid (electron acceptor) which 
has high electronegativity and low ionic size 108,109. Further, the rule states that hard 
acids tend to react or complex with hard bases and soft acids will tend to complex 
with soft bases 108. Oxygen donors, like OH-, are considered to be hard bases 110. 
According to this, boehmite could be classified as a hard donor, which would tend to 
complex with Ni2+, considered a hard acid, rather than Cs+ or Eu3+ cations, which are 
softer in acidity. However, the experimental results of desorption suggest rather the 
opposite behaviour, since the higher reversibility observed suggests that boehmite 
tends to interact stronger with Cs+ or Eu3+ ions. Moreover, Na+ cations, classified as 
hard acids, would be expected to replace softer cations complexed to the surface of 
boehmite. The experimental findings that desorption of Ni from boehmite occurred 
to a greater extent than the other two metals could be explained by the HSAB theory 
assuming a soft-base character for boehmite. 
 
Table 23. Ionic sizes and electronegativities of metals studied. 
Cation Ionic Size (pm) 
Electronegativity 
(Pauling) 111 
Na+ 113 0.9 
Cs+ 169 93 0.7 
Ni2+ 69 112 1.8 
Eu3+ 108.7 113 1.15 
 
2.4.2. Metals and Montmorillonite 
Due to the abundance of montmorillonite in natural soils 118, the sorptive behaviour 
of metals with this clay has been studied, and Kd values have been provided for 
sorption experiments under specific experimental conditions 114,115,116,117. The 
number of investigations on sorption and desorption studies of metals onto colloidal 
montmorillonite is more limited. 
 
Examples found in literature include Bouby et al. 118, who found that Eu(III) and 
Th(IV) bound to clay colloids, whereas, under the same conditions, Cs(I) and U(VI) 
would remain mainly dissolved. Czímerová et al. 119 found that Cs bound to 
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montmorillonite colloids directly to the oxygens in the siloxane groups. 85Sr was 
found to adsorb quickly onto montmorillonite colloids present in natural 
groundwaters 120. Baik and Cho 121 studied the sorption of U(VI) onto natural soil, 
constituted mainly by montmorillonite colloids, under different experimental 
conditions. Sorption was found to be greatest at pH 6.5.  
 
As a summary of the results found for metal sorption and desorption onto 
montmorillonite colloids and solid phase, the sorption of metals onto 
montmorillonite colloids increased in the order Cs < Ni < Eu. The sorption of Eu 
showed a low reversibility, as only a 5% of the Eu sorbed was desorbed after three 
washes. Desorption increased in the case of Cs and was highest for Ni, but in all 
cases was below 50%. The sorption behaviour was different in the solid phase, as the 
order of sorption increased Ni < Cs < Eu. The reversibility was also low in the case 
of Eu, as less than 3% of the sorbed Eu was desorbed after three washes. Ni 
exhibited similar desorption percentages in the solid phase, as it did on the colloidal 
phase. Finally, Cs showed the largest reversibility, as 69% of the sorbed Cs was 
desorbed after three washes. 
  
Ion exchange was the main sorption mechanism to explain the adsorption of Cs on 
solid montmorillonite, based on the mean free energy predicted by the D-R model, in 
agreement with previous reports found in the literature 94,122,95,104. The model fitted 
succesfully the experimental observations in the work presented herein, predicting 
similar values of mean free energy to those found in literature.  
 
Partial reversibility of Cs sorption on montmorillonite has been reported in literature. 
In this manner, Bellenger et al. 123 and Dyer et al. 124 reported preferential retention 
of Cs ions by solid montmorillonite; Bostick et al. 125 reported 31% desorption of Cs 
from solid montmorillonite after two washes with electrolyte. The author suggested 
two types of sorption mechanisms, inner sphere complexes, in which Cs would be 
more immobilised, and outer sphere complexes, where Cs would be easily exchanged 
by other cations present in solution. Significant desorption of Cs from clays 
containing montmorillonite was observed as well by Lujaniené et al. 126 and 
Krumhansl et al. 64. 
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A desorption percentage of approximately 43% in both the colloidal and the solid 
phase was determined for Ni. These results are in agreement with other authors who 
reported remobilisation of Ni on addition of other cations in solution 127. Two 
different sorption sites have been described to account for the partial reversibility 
observed for sorption of Ni on montmorillonite: weak sites, and strong sites which 
would lead to retention of the metal on the surface 63,104. 
 
Eu sorption to montmorillonite and similar clays is generally described by surface 
complexation 104. This mechanistic explanation supports the findings herein in which 
low reversibility was found for Eu, suggesting strong bonding took place at the 
interface of montmorillonite. 
 
The sorption of the metals increased as the ionic charge of the metals increased, in 
agreement with Adeleye et al. 91. Both Cs and Ni were found to exhibit reversibility 
of the sorption, however, Eu desorption was low. The order of desorption increased 
in the order Eu < Ni < Cs. 
 
Some Rd values reported in literature for sorption of metals on montmorillonite are 
shown in Table 24. All the values listed in the table correspond to batch experiments 
carried out at pH 7. The ionic strengths and solid to liquid ratios, however, varied 
from one reference to another, hence the differences in distribution ratio values. 
 
Although few Rd values are referenced in Table 24 compared to the many more 
available in literature, the aim was to show the large range of values depending on 
the conditions of the batch experiments. A database was provided by Wold 128, where 
a large number of Rd values can be found for the sorption of different metals onto 
Ca2+ and Na+ montmorillonite, under different experimental conditions. In the same 
report, Wold highlighted the concerns in comparing the sorption of metals onto 
colloids when the experiments were carried out under different experimental 
conditions, mainly due to the influence of size distribution. Because the Rd value is 
normalised to the mass of colloid and not to the surface area, the smaller the colloids, 
the larger the surface sites available for sorption, and thus, the larger the Rd value. 
Hence, studying the sorption of metals onto colloids is not just influenced by the 
solid to liquid ratio, but also by the size distribution of the colloids. 
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Table 24. Rd values for metal sorption on solid montmorillonite at pH 7. 
Reference Metal 
Rd value 
(dm3 kg-1) 
S/L ratio 
(mg:cm3) 
 Cs 115 60 : 10 
Bostick et al. 125 Cs 399 1 : 25 
Bellenger et al. 123 Cs 4514  
 Ni 164 10 : 10 
Boonfueng et al. 65 Ni 3900 1 : 1000 
 Eu 4250 16 : 10 
Bradbury et al. 129 Eu 105 1.5 
Rabung et al. 130 Eu 2500 5 : 20 
Note that the cells in grey are the values reported herein. 
 
2.4.3. Solid to liquid ratio 
Findings reported herein are in agreement with those of Granados Correa 59, in which 
the solid to liquid ratio influences, to a significant extent, the sorption of metals on 
boehmite. The effect is an observed increase of sorption of the metal with the amount 
of sorbent present in suspension. Sorption of Cs increased by 30% when the amount 
of boehmite in suspension doubled. For the same change, the distribution ratio for Eu 
increased by twelve-fold. 
 
Ni, however, exhibited a decrease in the sorption upon increase of the solid to liquid 
ratio. When the concentration of boehmite colloids increased from 33.5 to 54 mg in 
suspension, the distribution ratio decreased by 26%, whereas an increase of five-fold 
in the concentration of solid montmorillonite led to a 70% reduction in the 
distribution ratio. 
 
Another example of the influence of the solid to liquid ratio on the sorption of Cs on 
solid montmorillonite can be found in literature. Table 25 compares the differences 
in the Freundlich constants found for different solid to liquid ratios. The 
experimental values reported herein are also listed in the table (shaded area). All 
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experiments from literature summarised in the table were carried out at pH 7 and 
similar ionic strengths. 
 
Table 25. References on Freundlich fit of Cs sorption to solid montmorillonite. 
Freundlich constant 
Reference Solid to liquid ratio (mg : cm3) F n 
Adeleye et al. 91 500 : 20 3.17 x 10-2 0.755 
Akyuz et al. 94 50 : 50 3.64 x 10-3 0.67 
Atun et al. 95 20 : 5 23.40 0.90 
Filipovic et al. 69 10 : 1 3.63 0.91 
 60 : 10 17.96 0.76 
 
Table 25 is an example of how sorption behaviour of Cs varies under varying 
conditions of solid to liquid ratios. The values observed in this work are consistent 
with those reported by Atun et al. 95, due to the similarity in the solid to liquid ratios. 
 
2.4.4. Sorption onto solid vs colloid 
The sorption of metals on boehmite and montmorillonite, solid and colloidal phases, 
has been described by means of the distribution ratio in the linear range of the 
sorption isotherm.  
 
The linearity of the sorption isotherm observed for Cs sorption on colloidal boehmite 
turned into non-linearity (at the same range of concentrations) when the sorption was 
carried out on the solid phase of boehmite. XRD diffractograms showed the same 
pattern for both phases, confirming that the mineral analysed was boehmite. Also, 
equal chemistries could be assumed in both colloidal and solid phases. 
 
Assuming equal chemistries, one can expect differences in the sorptive behaviour to 
be due to differences in the surface area of the mineral. These differences are mainly 
the size; the specific surface area of the colloids is larger than that of the solid phase 
thereby increasing the number of surface sites and hence, increasing the sorption. In 
addition, saturation would be reached at higher concentrations of metal in solution. 
The same explanation would apply for Ni and Eu. 
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This qualitative description could be improved by a quantitative approximation. The 
Rd values for the sorption of metals on colloidal and solid surfaces studied herein are 
summarised below (Table 26). A scaling factor based on the ratio of specific surface 
areas was proposed by Wieland 14 and succesfully applied on the sorption of Cs, Sr 
and Th onto cementitious colloids. A similar approach is used herein, where not only 
the ratios of SSA are considered, but also the ratios of CEC and PEC. Due to the 
limited available data, further studies and deeper insight is necessary to persue a 
mathematical equation. 
 
Table 26. Sorption of metals on boehmite and montmorillonite, solid and colloidal phase. 
Rd (dm3 kg-1) 
Metal-Mineral Colloid Solid Boehmite 
Cs – boehmite 99.3 ± 9.1 26.4 ± 0.3 
Ni – boehmite 298.9 ± 15.3 47.7 ± 1.1 
Eu – boehmite 13851 448.4 ± 8.6 
Cs – montmorillonite 33.5 ± 0.7 114.7 ± 6.0 
Ni – montmorillonite 99.9 ± 19.4 164.4 ± 0.6 
Eu – montmorillonite 4174.1 ± 164.4 4251.9 ± 427.8 
33.46=
sol
col
SSA
SSA
 
03.3=
sol
col
CEC
CEC
 
20=
sol
col
PEC
PEC
 
 
The increase of Rd value when the phase changes from solid to colloidal has already 
been stated. In addition, the increase was sharper as the cation charge increased. 
Thus, not only the surface area plays a role on the enhancement factor, but also the 
cation charge. Table 26 shows the values of the ratios between specific surface area 
(SSA), the PEC and the CEC of boehmite for the two phases studied, which are 
considered to play a key role in the relation between the distribution ratios of the two 
phases. 
 
A first mathematical approach to the relationship of the distribution ratios could 
consist of a linear relationship between the Rd on the solid (Rd,sol) and the 
enhancement factor, which could be a direct proportion between the charge and a 
parameter related to either the ratio of surface areas, the ratio of CECs or the ratio of 
PECs. In equation 2.12, the charge of the metal is represented by z and Y represents 
the ratio of one of the properties of the surface. The results are shown in Table 27. 
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YzRR soldcold ××= ,,  Equation 2.13 
 
Table 27. Estimated values of Rd values for metal sorption on boehmite. 
Predicted Rd,colloid (dm3 kg-1) 
Experimental Rd 
(dm3 kg-1) 
 
sol
col
SSA
SSAY =  
sol
col
PEC
PEC
Y =  
sol
col
CEC
CEC
Y =  
99.3 ± 9.1 Cs 1223.1 528 80 
298.9 ± 15.3 Ni 4419.8 1908 289 
13851 Eu 62323.1 26904 4076 
 
The first approach used consisted on using the ratios of SSA as the proportional 
factor relating both distribution ratios. This function of Y resulted in an 
overestimation of the Rd,col. A second function of Y was used by taking the ratios of 
the PEC, which also led to an overestimation of the Rd,col. Finally, taking the ratios of 
CEC as the proportional factor Y, yielded values of Rd,col slighly lower than those 
observed experimentally.  
 
2.5. Conclusions 
 
Briefly in this chapter, reversibility studies were performed by batch experiments 
where desorption tests followed those of sorption. These studies were carried out 
using stable colloidal suspensions. Preliminary investigations showed the conditions 
in which stability of the colloidal suspensions was ensured. Parallel sorption and 
desorption studies were carried out on the solid phase of the mineral with the aim of 
obtaining a mathematical expression which would relate the sorption behaviour on 
colloid phases to that on solid phases. 
 
The stability of boehmite and montmorillonite colloids was assessed as a function of 
pH and ionic strength. The results concluded that pH 7 and ionic strength 0.05 mol 
dm-3 were appropiate for sorption experiments.  
 
The sorbents used for the sorption experiments were boehmite and montmorillonite 
colloids, and boehmite and montmorillonite solids. Boehmite (colloidal and solid 
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form) and solid montmorillonite were used as provided by the manufacturer, whereas 
montmorillonite colloids were extracted by repeated washes with electrolyte from the 
solid form. The sorption of Cs (mono-), Ni (di-) and Eu (tri-valent) on these minerals 
was investigated. Generally, the findings agreed with an increase of sorption with 
ionic charge. Sorption isotherms and later modelling showed a general linear 
behaviour of Cs, general non-linear behaviour of Eu and a linear sorption of Ni on 
boehmite (both phases), followed by a non-linear sorption on montmorillonite (both 
phases).  
 
The three sorption isotherms used in modelling were the empirical models Langmuir, 
Freundlich and D-R models, which provided estimates of sorption capacity of the 
minerals and energy of sorption. In general, the results proved unsuccesful for the 
Langmuir model, due to an underprediction of the sorption capacities, but good fits 
for the Freundlich isotherm. The D-R isotherm predicted ion exchange as the 
sorption mechanism in general. 
 
Desorption experiments showed that the sorption of metals on boehmite was partially  
reversible. The sorption of metals on montmorillonite was also partially reversible, 
although Eu exhibited low desorption values in both phases of montmorillonite. The 
reversibility did not depend on the ionic charge, as Ni showed the highest 
reversibility in most of the cases. The results from the desorption experiments carried 
out have been interpreted from a thermodynamic approach and these have shown the 
order of desorption of metals from colloids. However, the kinetics of desorption 
would be necessary for a thorough and complete knowledge of the desorption rates. 
 
The partial reversibility may be explained by different sorption mechanisms, 
supported by many authors in literature; sorption by inner-sphere complexation, 
which leads to the formation of strong, chemical bonds; and sorption by outer-sphere 
complexation, which is described by weak, physical and electrostatic interactions 
between the metal and the mineral surface. On addition of the electrolyte, the metal 
ions bound via outer-sphere complexation were exchanged by the cations from the 
electrolyte, whereas the complexed metal ions remained bound to the mineral 
surface. 
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The Rd values were found to be dependent upon the solid to liquid ratio, increasing 
as this parameter increased, in agreement with other studies found in literature. 
Another influencing parameter was the background electrolyte. Changing the 
electrolyte from Na+ to K+ led to a decrease in sorption and an increase in desorption 
of Cs to boehmite colloids, thus concluding that the similarity in ionic size resulted in 
a greater competition for the sorption sites. 
 
Measurements of the specific surface area, proton and cation exchange capacities 
indicated that the lower particle size of the colloids provided a higher specific surface 
area for colloids, explaining the higher sorption observed on colloidal particles. 
 
An attempt to quantify the distribution ratio of the sorption of metals on colloids as a 
function of the Rd value on solids, charge and surface, was made. A simplistic, linear 
equation was proposed where the Rd value for the sorption of metals on colloids 
could be determined from the Rd value for the sorption of metals on solids, the ionic 
charge of the metal and the ratio of CEC between the colloidal and the solid particles 
of the mineral. However, this simplistic model could only be applied on the results 
obtained herein for boehmite. Thus, a single system is insufficient for testing a model 
and more measurements and mathematical processing is needed to continue this line 
of enquiry. 
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Chapter 3. COLLOID HUMATE TERNARY SYSTEMS 
 
3.1. Introduction 
Inorganic and organic colloids are ubiquitous components of the subsurface and are 
likely to affect the mobility of radionuclides through the Geosphere. The interactions 
of metals with two inorganic colloids have been investigated in the previous chapter. 
Humic acids (HA) play an important role in the migration of contaminant metals 
through the Geosphere, as they may also influence the binary interactions of metals 
with minerals.  
 
The effect of HA on the sorption of metals onto solid surfaces has been widely 
investigated, and some examples can be found in Chapter 1. In general, the presence 
of HA in a ternary system constituted by the metal, HA and a surface, has been found 
to increase the sorption of the metal onto the given surface at low pHs but to hinder it  
at high pHs. Examples apply for mono-valent, as well as for multi-valent cations: 
Tl(I) sorption decreased on pyrolusite in the presence of HA 131; fulvic acids (FA) 
decreased the sorption of Am(III) on silica, but increased it on alumina 132. The 
influence of HA on Th(IV) sorption onto silica 133 and alumina 134 was found to 
increase at low pHs and decrease at intermediate and high pHs. Sorption of U(VI) on 
attapulgite increased at all pHs in the presence of HA 135. Cruz-Guzman 136 found 
that HA enhanced the sorption of Pb(II) and Hg(II) on montmorillonite, but hindered 
it on ferryhydrite, due to the high affinity of HA for the mineral and consequent 
blocking of sites. 
 
Fewer studies, however, have been carried out to investigate the influence of HA on 
the sorption of metals onto colloidal surfaces. As an example, the sorption of Cm(III) 
onto silica colloids was enhanced by HA at low pHs due to complexation of Cm to 
HA, but decreased at pHs between 6.5 and 8 due to competition of HA and sorption 
sites of silica for the metal. At higher pH Soumitra Kar et al.137 reported an increase 
in the sorption of Cm(III) onto silica colloids. Singh et al. 138 reported as negligible 
the effect of HA on the sorption of metals onto magnetite colloids. Jain et al. 139, 
observed an enhancement in the sorption of neptunium onto hematite colloids in the 
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presence of HA at acidic pHs. These studies provide evidence that the effect of HA 
on metal sorption to colloids does not always follow the general trend observed for 
most of the solids. 
 
Following the investigation of the interaction of colloids with contaminant metals, 
this chapter studies the influence of HA on the sorption of metals (Cs, Ni and Eu) 
onto boehmite colloids and focuses further on the applicability of the linear additive 
model (LAM) to the experimental results. 
 
3.1.1. Linear additive model 
The LAM is a mathematical model used to predict the sorption of metals onto 
surfaces in the presence of HA. The ternary system is the system in which metal 
cations, HA and the solid or colloid surface coexist. The different interactions are 
shown in Figure 44, where, for simplicity, HA molecules have been given a spherical 
shape. This example uses a solid surface. 
 
 
Figure 44.  Interactions between metal cations (M), HA molecules and the surface of the solid. 
 
The LAM assumes that the distribution coefficient for the ternary system (Rd,t) 
results as a combination of the distribution coefficients of the separate binary 
systems (β, fHA and Rd). Several expressions have been proposed to determine Rd,t 
values in ternary systems. For instance, Samadfam et al. 140 proposed the following 
expression for the LAM (as applied for solids): 
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Where Rd,t and Rd, in dm3 kg-1, are the distribution coefficients for the ternary and 
binary metal-solid system, respectively, fHA is the fractional sorption of HA onto the 
surface, β is the metal-humate stability constant, in mol dm-3, V, in dm3, and W, in 
kg, are the volume of sample and weight of solid, respectively, and [HA] is the 
concentration of HA, in mol dm-3. 
 
A slightly simpler model was proposed by Lippold et al. 141: 
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β
+
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=  Equation 3.2 
 
A series of assumptions are considered in both mathematical formulations of the 
LAM: 142,143,140,144 
• The individual sorption coefficients are independent of the metal 
concentration; 
• The sorption properties or characteristics of the mineral are not affected by 
the presence of HA; 
• Different molecular weight fractions of HA are neglected and sorption of HA 
is considered as a whole; 
• Affinity of metals for mineral-bound HA and for dissolved HA are 
considered identical; 
• The mass of mineral is much higher than the mass of mineral-bound HA; 
• Electrostatic interactions at the mineral-water interface are neglected. 
 
Although the LAM has been generally applied to model the influence of HA on the 
sorption of metals onto solids, in principle, its application could be extended to 
colloidal systems. However, the examples found to date in the literature report, in 
general, the failure of the model when applied to colloidal systems: Kumar et al.145 
observed an increase of Cs sorption on silica colloids at acidic pHs in the presence of 
HA. Although at first the LAM could not describe succesfully the effect of HA, the 
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use of two different stability constants for metal-humate complexation led to the 
success of the model. The two stability constants corresponded to the complexation 
of metal with dissolved HA in suspension and that of metal with surface-bound HA. 
Like this, the sorption of Cs onto silica colloids 145 and that of Tc (VII) onto alumina 
146
  were modelled by the LAM. However, this modification of the LAM did not 
satisfy the modelling of Cm(III) sorption onto silica colloids in the presence of HA 
147
. Christl et al. 142 found that the additivity assumption underestimated the sorption 
of copper onto hematite colloids in the presence of HA.  
 
This chapter aimed to study the influence of HA on metal sorption onto boehmite 
colloids. Further, an attempt to model the sorption with the LAM was made. With the 
objective of comparing the behaviour of metals on the colloids in the presence and 
absence of HA, the experimental conditions were the same as those used for the 
batch sorption experiments in the previous chapter.  
 
3.2. Experimental 
Before the investigation of the influence of HA on the sorption of metals onto 
boehmite colloids was started, the sorption of HA onto boehmite colloids was studied 
(see section 3.2.4). Special attention was given to the stability of boehmite colloids in 
the presence of HA, since initial tests provided experimental evidence of flocculation 
of the colloids taking place on addition of HA at a wide range of concentrations. 
Therefore, a study was carried out in which the stability of the colloids was followed 
by DLS or UV-Vis spectroscopy. Once the stability conditions were established, 
sorption experiments were carried out. 
 
3.2.1. Preparation of reagents 
Purified humic acid (Aldrich) 148 was used to prepare solutions of concentrations 
ranging 1 to 500 mg kg-1. All the samples used were adjusted to pH 7 and ionic 
strength 0.05 mol dm-3 with NaCl. 
 
Boehmite colloids were provided by Feralco Ltd. as a concentrated suspension. 
Aliquots were taken from there to prepare the suspensions for experimental study. 
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Gravimetric and spectrophotometric measurements were carried out to characterise 
the colloids. pH was fixed to 7 prior to any experimental measurement. 
 
Metal solutions were prepared by dissolving the corresponding chloride salts in DI 
water. The solids used for each metal were: CsCl (BDH Laboratories AnalaR®), 
NiCl2 (Fisher Scientific) and EuCl3 (Sigma-Aldrich). 
 
The pH and ionic strength were fixed to 7 and 0.05 mol dm-3 with NaCl (Sigma-
Aldrich chemicals), respectively. 
 
3.2.2. Preparation for measurement 
UV measurements were taken using a UV Type Varian Cary Series 50 Bio 
Spectrophotometer. A quartz cuvette was filled with approximately 1 cm3 HA 
sample and the absorbance spectrum was recorded at several wavelengths (254, 300, 
350 and 400 nm).  
 
Average size of the colloids was measured by dynamic light scattering (DLS) and 
was carried out in a Zeta Master S. An average of ten measurements were taken for 
each sample, except in the kinetic studies, where each recording corresponded to one 
measurement. A plastic cuvette was filled with approximately 3 cm3 of sample. 
 
Powder X-ray measurements were performed using Cu-Kα radiation (λ = 1.5418 Å) 
on a Bruker D8 diffractometer in reflection geometry and a Braun position sensitive 
detector. The sample was loaded onto a silicon zero background substrate and the 
data were collected in the range 5 < 2θ < 90° with a step time of 1 second and step 
width of 0.014°. SEM pictures were taken in a LEO (Zeiss) 435VP Variable Pressure 
Digital Scanning Electron Microscope (SEM) at BGS. 
 
pH measurements were carried out in a Jenway 350 pH meter. The instruments were 
calibrated prior to their use with three standard solutions (pHs 4, 7 and 10). 
 
Samples were centrifuged in a Hermle Z206A centrifuge at 6000 rpm for 30 minutes. 
When necessary, samples were mixed using a Labnet VX100 Vortex mixer. The 
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filters used in all sorption and desorption experiments were supplied by Elkay (0.45 
µm in pore size) and the plastic syringes used (5 cm3) were provided by BD 
Plastipak. When used, the plastic syringes were filled with sample, the filter fitted to 
the end and the first 5 cm3 of the filtered sample were discarded, collecting the 
following 2 cm3 for radiometric measurement. Control experiments showed that 
sorption of activity to the syringe filters or to the centrifuge tubes did not take place. 
 
Radionuclide assays (to an error of two sigma or better) were performed using either 
a Tricarb 1900TR Liquid Scintillation Analyzer (Packard Ltd) or a Cobra II Auto-
Gamma Counter (Packard). The activities measured were transformed by 
mathematical operations into concentrations. 
 
3.2.3. Stability of HA 
Control experiments were carried out to measure the effect of centrifugation and 
filtration on HA solutions of different concentrations, ranging from 10 to 450 mg  
kg-1. The UV-Vis absorbance of the solutions was measured at several wavelengths 
(254, 300, 350 and 400 nm). As humic acids have a range of molecular masses, the 
absorbance at one unique wavelength would not provide information about whether 
an important fraction of humic acids were being sedimented by centrifugation. 
Hence, the ratios between wavelengths were calculated and differences observed 
between these ratios would indicate any changes 149. 
 
3.2.4. Stability of colloids in the presence of HA 
To study the influence of HA on the sorption of metals onto colloidal boehmite, a 
stable suspension of humate-colloid was needed. The influence of HA on the stability 
of boehmite colloids (approximately 67 mg in 30 cm3) was studied by measuring 
kinetically the average size of the colloids at pH 7 in the presence of varying 
concentrations of HA, ranging from 0 to 5, and 200 to 450 mg kg-1. At higher 
concentrations of HA, UV-Vis spectroscopy was needed to monitor the stability of 
the sols, whereas at lower HA concentrations the stability was measured by DLS 
with the Zeta Master. For intermediate HA concentrations no spectroscopic 
measurements were carried out. 
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The same kinetic measurements were performed in sols containing approximately 
11.4 mg of boehmite colloids and varying concentrations of HA (1 to 40 mg kg-1). In 
this case, DLS was the only technique used to monitor the stability. The average size 
was measured every 50 seconds for 50 minutes. 
 
3.2.5. Sorption of HA to boehmite 
The extent of the sorption of HA onto boehmite was studied by means of batch 
experiments. The sorption of HA to both the colloidal and solid phases of boehmite 
was measured. The concentration of HA was measured using UV-Visible 
spectrometry at 254 nm. For this purpose, in triplicate, 20 cm3 of HA were added to 
10 cm3 of boehmite colloids (total mass of colloids 33.5 mg). In the case of the 
sorption onto the solid phase of boehmite, 30 cm3 of HA were added to 0.1 g of 
boehmite. The concentrations of HA were prepared to give a final concentration of 2 
to 80 mg kg-1. The samples were pH adjusted to 7.0 ± 0.4 by adding small amounts 
of HCl or NaOH 0.1 mol dm-3 and ionic strength 0.05 mol dm-3 with NaCl, and left 
to equilibrate for 24 hours, after which time the samples were centrifuged for 30 
minutes at 6000 rpm. 5 cm3 of supernatant were collected with a syringe, to be 
filtered with a 0.45 µm syringe filter. The first 2 cm3 were discarded and the 
following 3 cm3 of filtered suspension were collected in a quartz cuvette for UV 
measurement. 
 
The absorbance of HA is related to the concentration through the calibration curve 
(see section 3.3.1.). Hence, the concentration of HA adsorbed to boehmite could be 
calculated as the difference between the initial HA added and the HA measured in 
solution after the equilibration time. 
 
3.2.6. Sorption of metals to boehmite in the presence of HA 
The effect of HA on the sorption of different metals (i.e. Cs, Ni and Eu) onto 
colloidal boehmite was studied by performing batch experiments where 1 cm3 of 
metal solution and 1 cm3 of HA were added to 10 cm3 of colloidal boehmite (33.5 
mg). 0.1 cm3 radioactive spike were added (0.83 kBq cm-3) (see Table 1 in Chapter 2 
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for isotopes used). The metal solutions were prepared so that the final concentration 
of metal ranged from 10-6 to 4x10-3 mol dm-3. In a similar manner, HA solutions 
were prepared so that the final concentrations in suspension would be 0, 1 and 2 mg 
kg-1. The corresponding volumes of metal and HA solutions were added within one 
minute to the boehmite suspension, minimising the effect produced by the order of 
addition. Pre-equilibration of the colloids with HA has been shown to influence the 
sorption of metal onto colloids 150; however, for a better comparison of the results 
with those found in Chapter 2, this factor was not assessed. 
 
The pH was adjusted to 6.8 ± 0.1 and the ionic strength was adjusted with NaCl to 
0.05 mol dm-3. The samples were left to equilibrate for 24 hours, after which, the 
samples were centrifuged for 30 minutes at 6000 rpm. An aliquot from the 
supernatant was filtered through a 0.45 µm filter and 2 cm3 were measured for 
activity. The collected data were related to the concentration of metal left in solution 
by the following equation: 
 
i
spike
sample
soltn MA
A
M ][][ =  Equation 3.3 
 
Where [M]soltn is the concentration of metal left in solution after the sorption 
experiment, Asample is the activity of the sample, Aspike is the activity of a reference 
sample where no sorption process took place; and [M]i is the initial concentration of 
metal introduced in the ternary system. The concentration of metal bound was 
calculated as the difference between the initial concentration of metal and the 
concentration left in solution after the sorption experiment, 
 
[ ] [ ] [ ]soltnibound MMM −=  Equation 3.4 
 
Note that the [M]bound considers not only the metal bound to the colloid but also the 
metal-humate complexes bound to the colloid. In a similar manner, the [M]soltn 
includes both the concentration of free metal cations in solution and metal-humate 
complexes, also in solution. 
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3.3. Results and discussions 
3.3.1. Calibration curve of HA 
The concentration of HA was measured by UV-Vis spectroscopy in all the 
experiments. The calibration curve was plotted for wavelengths varying from 254 to 
400 nm, for HA concentrations ranging from 10 to 200 mg kg-1 (Figure 45). The 
calibration curve showed the values of corrected absorbance. Due to the high 
absorbance recorded at high concentrations of HA, dilution was necessary from HA 
concentrations above 80 mg kg-1. The absorbances for samples of HA concentrations 
above 80 mg kg-1 were corrected for the dilution factor and data appear like 
“corrected absorbances” in the calibration curves. All the calibration curves were 
fitted by linear regression method and the R2 of the fit was above 0.99 in all the 
cases. 
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Figure 45. HA UV calibration curves 
 
The limit of detection (LOD) and limit of quantification (LOQ) could be calculated 
as 
m
SDLOD ⋅= 3  and 
m
SDLOQ ⋅= 10  151, where SD is the standard deviation of the 
blank solution, this being the background solution with no HA, and m the slope from 
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the calibration curves. The standard deviation of the blank solution was measured as 
7x10-4 mg kg-1. These values were calculated for the calibration curve measured at 
254 nm; the LOD and LOQ were 0.0640 and 0.2134 mg kg-1 HA, respectively. 
 
3.3.2. Stability of HA 
The UV-Vis absorbance of several HA solutions was measured at 254, 300, 350 and 
400 nm. The effects of centrifugation and filtration were studied by comparing the 
ratios of the absorbances at 300, 350 and 400 nm divided by the absorbance at 254 
nm. The results for the effect of the different treatments applied to the HA solutions 
at 254 nm are shown in Figure 46. The ratios of absorbances as a function of 
centrifugation and filtration are shown in Figure 47. 
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Figure 46. Effect of treatments on the absorbances of HA at 254 nm. 
 
Figure 46 shows the corrected absorbances of HA measured at 254 nm after being 
centrifuged twice and filtered through 0.45 and 0.22 µm filters. The differences with 
the original absorbances (labelled as “no treatment” in Figure 46) were not 
significant at low HA concentrations, but increased slightly with HA concentration. 
The decrease of absorbance occurred after the first centrifugation process, suggesting 
that as the HA concentration increased, sedimentation was taking place. Further 
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centrifugation or filtration processes did not yield significant differences in the 
absorbance until a HA concentration of 250 mg kg-1, when the absorbances 
decreased slightly with each process.  
 
Due to the fractionation of HA, physical processes like centrifugation and filtration 
could affect the different molecular size fractions. The results observed in Figure 46 
suggested sedimentation was taking place. This could be due to sedimentation of the 
bulk or due to fractionation of HA. In order to find out where the sedimentation 
originated, the ratios of absorbances were plotted against the HA concentration 
(Figure 47). 
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Figure 47. Effect of centrifugation and filtration on the ratios of UV-Vis absorbances for HA 
solutions at concentrations 10 to 450 mg kg-1. (a) Ratio A300/A254, (b) Ratio A350/A254 and (c) 
A400/A254. 
 
The ratios between the absorbances at 300, 350, 400 nm and the absorbance at 254 
nm decreased in value as the wavelength increased, as expected due to the decrease 
in the absorbance of HA with increasing wavelengths. A slight decrease in the ratios 
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was observed at higher HA concentrations after the different treatments, suggesting 
that fractionation of HA was taking place after centrifugation. 
 
3.3.3. Stability of humate-boehmite suspensions 
Stable humate-boehmite suspensions were needed to carry out the batch sorption 
experiments. This section reports the behaviour of colloidal boehmite when different 
concentrations of HA, ranging from 1 to 500 mg kg-1 were added. The stability of the 
humate-boehmite suspensions was measured by DLS as a function of time and HA 
concentration. Two different concentrations of boehmite colloids were used for the 
kinetic study: 67 and 11 mg per 10 cm3. The total volume used for the stability 
experiments was 10 cm3. 
 
The colloidal suspension containing 67 mg of boehmite showed signs of 
destabilisation when concentrations of HA above 5 mg kg-1 were added. The increase 
in the average size with time, suggesting loss of stability, can be observed in Figure 
48. 
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Figure 48. Stability of Boehmite (67 mg) HA suspensions followed by DLS measurements of 
average size. 
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Figure 48 shows the kinetic evolution of the average size with increasing 
concentrations of HA. The three different HA concentrations caused different 
responses on the colloidal suspension. In the presence of 1 mg kg-1 HA, the average 
size of boehmite was constant with time, suggesting stability of the suspension. In 
the presence of 2 mg kg-1 HA, the average size increased with time, suggesting 
flocculation was slowly taking place. When the HA concentration increased to 5 mg 
kg-1, the average size quickly increased with time, indicating almost immediate 
flocculation of the colloids. Further addition of HA to boehmite colloids resulted in 
flocculation within five minutes. The average size could not be measured due to the 
high polydispersity. When HA was added in concentrations above 5 mg kg-1, the 
scattering of the colloidal suspension was measured kinetically by UV spectroscopy. 
This technique recorded a constant high absorbance, which corresponded to 
scattering of the light rather than absorbance, until the particles flocculated, at which 
time no more scattering was detected. From the UV measurements, the time taken for 
the absorbance to fall to zero was used as an indication of stability. 
 
As the added HA concentration increased, the time needed for flocculation to be 
detected also increased, as shown in Table 28. This suggested that the time for the 
binary humate-boehmite suspension to lose stability increased as the HA 
concentration increased, suggesting that at larger HA concentrations, the binary sol 
would remain stable. However, the HA concentration necessary for the system to be 
stable during 24 hours was not reached in these experiments. 
 
Table 28. Time of flocculation for boehmite colloids (67 mg) in the presence of increasing 
concentrations of HA measured by UV-Vis spectroscopy. 
[HA] mg kg-1 Time of flocculation (min) 
200 59.58 
250 66.00 
300 104.66 
400 259.06 
 
The kinetic stability of a humate-boehmite suspension containing 11 mg boehmite in 
10 cm3 was followed by DLS. Increasing concentrations of HA were added. The 
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average size of the colloids was recorded as a function of time and HA concentration 
(Figure 49). 
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Figure 49. Kinetic stability of boehmite colloids (11 mg) in the presence of varying 
concentrations of HA at pH 7 and I 0.05 mol dm-3. 
 
Figure 49 shows three distinct regions:  
• Beginning from the bottom, the first series of data show constant values of 
average size of 184 ± 8 nm. These data points corresponded to boehmite 
colloids in the presence of 0, 1 and 2 mg kg-1 HA.  
• The top set of data points, rather scattered due to high polydispersity, 
corresponded to HA concentrations between 5 and 30 mg kg-1. In this region, 
boehmite sols were unstable, suggested by the scattered values of data and the 
high values of average size. For some of the data, only a few points were 
shown, due to the high polydispersity of the samples. 
• The middle set of data points, in blue, corresponded to higher concentrations 
of HA, i.e. 35 and 40 mg kg-1. In this range of concentrations the average size 
decreased towards lower values and even though the results were slightly 
scattered, the data points showed a tendency to a more stable system. 
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A last kinetic experiment was performed on the binary system constituted by 30 mg 
boehmite in 10 cm3 and 500 mg kg-1 HA. The suspension was followed kinetically 
by DLS for 10 hours. The average size and kcounts evolution are shown in Figure 
50. 
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Figure 50. Kinetic stability of boehmite suspension in the presence of 500 mg kg-1 HA. 
 
Figure 50 showed an increase in the average size, with the consequent decrease in 
counts per second, suggesting a slow decrease in the stability of the suspension. After 
24 hours, the average size was 1338.9 ± 217.4 nm, the counts were 44.0 ± 1.0 and the 
suspension had a polydispersity index of 0.505 ± 0.087. The results suggested that 
coagulation had taken place. However, the remaining particles in suspension, despite 
being above the colloidal range, remained stable at that size. 
 
The kinetic studies have shown a general trend for both suspensions: addition of low 
concentrations of HA did not alter the stability of the system, but as the HA 
concentration increased, the system lost stability and the colloids flocculated. 
However, further addition of HA resulted again in a stable system. As mentioned in 
Chapter 1, the stability of colloids was ensured as long as the repulsive forces were 
higher than the attractive forces. Applied to the binary system studied herein, 
boehmite colloids have a positively charged surface, which may readily interact with 
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HA, which possesses many negatively charged functional groups. This electrostatic 
attraction might have caused the particles to overcome the repulsive forces, leading 
to flocculation. The overall charge of boehmite colloids and HA, separately, were 
measured by zeta potential (Table 29). 
 
Table 29. Zeta potential of boehmite colloids, HA and binary humate-boehmite suspension. 
 HA concentration (mg kg-1) Zeta potential (mV) 
Boehmite 30 mg 
/ 10cm3 
0 21.8 ± 2.9 
HA 10 - 42.0 ± 3.6 
Boehmite – HA 500 - 35.5 ± 3.4 
 
In the absence of HA particles, boehmite colloids were stable in suspension due to 
the repulsive electrostatic interactions. As the HA concentration in suspension 
increased, electrostatic attractive interactions between the particles increased, 
lowering the zeta potential and leading to coagulation. Further increase in the HA 
concentration, above a certain threshold, perhaps resulted in electrostatic repulsion 
between HA particles and these were more abundant than the attractive forces. Table 
29 shows the negative zeta potential of the binary humate-boehmite system, 
suggesting the dominance of electrostatic repulsions between negative charges. 
 
The concentration of boehmite colloids used for the batch sorption experiments was 
30 mg in 10 cm3. Given the results observed in this section, the HA concentrations 
chosen to study the effects of HA on metal sorption onto boehmite colloids were 1 
and 2 mg kg-1, in order to ensure stability in the ternary system. 
 
3.3.4. Sorption of HA to boehmite 
The sorption of HA onto boehmite was studied by adding increasing concentrations 
of HA to colloidal (33.5 mg) and solid (100 mg) boehmite. After the equilibration 
time, the suspensions were centrifuged for 30 minutes at 6000 rpm and the 
supernatant was measured by UV-Vis spectroscopy to determine the HA in solution. 
The results are shown as a sorption isotherm in Figure 51. The sorption isotherm 
allowed the determination of fHA, which is a parameter used in the LAM equation.  
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Figure 51. Sorption isotherm of HA to colloidal (30 mg) and solid (100 mg) boehmite measured 
by UV-Vis spectroscopy at 254 nm. 
 
Figure 51 shows the difference in adsorption behaviour of HA to the colloidal and 
the solid phases of boehmite. The sorption isotherm shows the concentration of 
bound HA as a function of the initial concentration of HA added to suspension. As 
the concentration of HA increased, the solid phase of boehmite became saturated 
with HA, whereas the colloidal phase of boehmite continued to adsorb HA. This 
saturation was observed as the isotherm for the solid phase tended to curve at higher 
concentrations of HA (white), as opposed to the linear isotherm for sorption of HA 
onto colloidal boehmite (black).  
 
The sorption isotherm also shows the higher adsorption capacity of colloids due to 
the higher surface area. When saturation occurred on the solid phase, the colloidal 
phase continued to adsorb HA molecules. Furthermore, no signs of saturation could 
be observed in the range of concentrations studied. The linear curve was fitted; the 
slope represented the fraction of HA bound to the colloids; moreover, multiplied by 
100 it would yield the percentage of HA bound to the boehmite colloids. The 
experimental result showed high, almost complete sorption of HA to boehmite 
colloids, as fHA = 0.976 ± 0.006, which could be explained by the overall positive 
charge of boehmite and the overall negative charge of HA (as shown by Table 29). 
This neutralisation of charge, however, led to the flocculation of colloids; section 
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3.3.3 discussed in more detail the HA concentrations at which the suspension lost 
stability. Therefore, the validity of the sorption isotherm and, hence fHA, is limited to 
the stability of the suspension. Further discussions are made in section 3.3.6.1, where 
the applicability of the LAM is tested. 
 
The binding mechanism of HA to boehmite surfaces is not yet clear. Several authors 
have proposed ligand exchange mechanism 88,144,152, as well as outer sphere 
complexation 153 and cation bridging 154. Due to the positive overall charge of the 
boehmite surface and the negative charge of HA, under acidic and neutral conditions, 
electrostatic interactions can take place 88,152,155. Varadachari et al. 154 confirmed by 
IR and crystallographic techniques the involvement of OH groups as a mode of 
binding of HA to boehmite, in the manner AlO – H+/M+ – HA, acting as bridges for 
HA. Carlsen et al. 156 found that HA bound to alumina surface via carboxilic groups 
present in the smaller molecular weight fractions in HA. 
 
3.3.5. Sorption of metals onto boehmite in the presence of HA 
The influence of HA (0, 1 and 2 mg kg-1) in the sorption of three metals (Cs, Ni and 
Eu) onto colloidal boehmite (33.5 mg in 10 cm3) was studied by batch experiments. 
The isotherms were calculated and the Rd values calculated and compared. The 
corresponding isotherms for sorption of metals onto 0, 1 and 2 mg kg-1 HA are 
shown together for each metal. Moreover, the linear curves were fitted by the least 
squares method and its parameters are shown in the figures. 
 
3.3.5.1. Sorption of Cs 
The influence of HA on the sorption of Cs onto boehmite colloids was studied by 
means of batch experiments. The sorption isotherms are shown in Figure 52. 
 
Figure 52 shows the sorption isotherms for Cs sorption onto boehmite colloids in the 
presence of 0, 1 and 2 mg kg-1 HA. All sorption isotherms are linear in the range of 
concentrations studied, indicating that saturation was not reached. The Rd values 
correspond to the slopes of the linear curves and yielded 6.7 ± 2, 15.5 ± 0.8, and 5.2 
± 0.6 dm3 kg-1 in the presence of 0, 1 and 2 mg kg-1 HA, respectively. Clearly, the Rd 
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values decreased as the concentration of HA increased, i.e. the higher the HA 
concentration, the lower the sorption of Cs to boehmite colloids. 
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Figure 52. Sorption of Cs to boehmite colloids at pH 7 and ionic strength 0.05 mol dm-3 in the 
presence of 0, 1 and 2 mg kg-1 HA. 
 
3.3.5.2. Sorption of Ni 
The influence of HA on the sorption of Ni onto boehmite colloids in the presence of 
HA was studied. 
 
Figure 53 shows the sorption isotherms for Ni sorption onto boehmite colloids in the 
presence of increasing concentrations of HA (0, 1 and 2 mg kg-1). The sorption in the 
absence of HA was significantly higher than that in the presence of 1 and 2 mg kg-1 
HA. A separate figure in the top left corner in Figure 53 shows the sorption 
isotherms for Ni in the presence of 1 and 2 mg kg-1 HA. The slopes of the linear 
isotherms for the three concentrations of HA yielded the Rd values, which were 292 
± 11, 58.1 ± 6.0 and 20.3 ± 0.9 dm3 kg-1 for 0, 1 and 2 mg kg-1 HA, respectively. HA 
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decreased significantly the sorption of Ni onto the surface of boehmite colloids at pH 
7, as observed by Strathmann et al. 150, who studied the effect of fulvic acids (FA) on 
the sorption of Ni onto boehmite. 
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Figure 53. Sorption of Ni to boehmite colloids at pH 7 and ionic strength 0.05 mol dm-3 in the 
presence of 0, 1 and 2 mg kg-1 HA. 
 
From Figure 53 it can be seen that the sorption isotherm for Ni in the absence of HA 
is linear, whereas in the presence of small concentrations of HA, boehmite colloids 
became saturated with Ni given the same range of concentrations. Both the decrease 
in the Rd values and the increase in saturation suggest that HA is hindering strongly 
the sorption of Ni onto boehmite colloids. 
 
The tendency to saturation in the presence of HA could be due to a decrease on the 
available sites on the boehmite surface for Ni2+ ions, presumably due to blocking of 
the sites by HA. Given this assumption, the surface of boehmite colloids would 
become saturated by the metal ions at lower metal concentration. 
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3.3.5.3. Sorption of Eu 
The effect of increasing concentrations of HA on the sorption of Eu onto boehmite 
colloids was studied. The sorption isotherms for the different HA concentrations are 
shown in Figure 54. 
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Figure 54. Sorption isotherm for Eu sorption on boehmite colloids in the presence of HA (0, 1 
and 2 mg kg-1) at pH 7 and ionic strength 0.05 mol dm-3. 
 
Figure 54 shows the influence of increasing concentration of HA on the sorption 
isotherms for Eu sorption on boehmite colloids. In the absence of HA the sorption 
isotherm shows a sharp increase but quickly reaches saturation, similarly to the 
sorption isotherm in the presence of 1 mg kg-1 HA. This analogy is reflected in the Rd 
value, as both yielded 102 ± 22 and 104 ± 8 dm3 kg-1, respectively. Further addition 
of HA (2 mg kg-1) enhanced the sorption of Eu3+ to boehmite colloids, as reflected by 
the Rd value of 721 ± 53 dm3 kg-1. 
 
3.3.5.4. Discussions 
In the case of Cs and Ni the sorption isotherms showed a significant decrease of the 
Rd values in the presence of HA. In the case of Eu, the Rd values increased at higher 
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concentrations of HA studied. A table summarising data obtained from the sorption 
isotherms is shown below (Table 30). 
 
Table 30. Rd values for Cs, Ni and Eu sorption in the presence of 0, 1 and 2 mg kg-1 of HA. 
 0 mg kg-1 HA 1 mg kg-1 HA 2 mg kg-1 HA 
 Rd value 
Regression 
Fit (R2) 
Rd value 
Regression 
Fit (R2) 
Rd value 
Regression 
Fit (R2) 
Cs 66 ± 2 0.9927 15.5 ± 0.8 0.9804 5.2 ± 0.6 0.9185 
Ni 292 ± 11 0.9842 58 ± 6 0.9611 20.3 ± 0.9 0.9921 
Eu 102 ± 22 0.9847 104 ± 8 0.9823 721 ± 53 0.9847 
 
In general terms, the Rd value increased with the charge of the metal, even in the 
presence of HA. HA had a negative effect on the sorption of metals onto boehmite 
colloids, hindering the sorption, perhaps by blocking the sorption sites of the colloid. 
As the concentration of HA increased, this hinderence was stronger, except in the 
case of Eu, where the presence of 2 mg kg-1 HA enhanced the sorption of Eu onto 
boehmite colloids. 
 
Organic coatings (humic and fulvic substances, organic polymers) have been shown 
to inhibit Cs sorption on reference clays like montmorillonite, illite or kaolinite (all 
solids) 157,123,158,159. Rigol et al. 158 suggested the blocking of the specific sites of the 
mineral by organic compounds, limiting in this way the sorption of Cs. Wang et al. 
160
 explained the decrease in sorption of Cs onto γ-Al2O3 in the presence of HA due 
to complexation of Cs to free HA in solution.  
 
The high sorption of HA to boehmite colloids observed in Figure 51 suggested that 
the concentration of free HA in solution would be limited. Therefore, the blocking of 
specific sites by HA seems a more plausible explanation, since interaction of Cs with 
HA has been reported as weak 159 and negligible at pH 8 138. These results would 
further suggest that HA sorbs onto boehmite colloids blocking the sorption sites for 
Cs+ ions to sorb onto. Although the referenced investigations were carried out on 
solid surfaces, the same explanation could be applied to colloidal surfaces. 
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Ni has been reported 150 to bind to boehmite through inner-sphere complexation, 
binding directly to aluminol groups. In the presence of FA, Strathmann and Myneni 
150
 reported the formation of ternary complexes and binding of Ni where the organic 
ligand acted as a bridge between the metal and the solid surface. Assuming a similar 
behaviour from HA, this finding could suggest that HA blocked the sorption sites of 
boehmite, thereby reducing the sorption of Ni to boehmite colloids. 
 
In the absence of any organic ligands, Eu was found to sorb onto alumina via the 
formation of hydroxo complexes with the surface 161. In the presence of HA, Eu-
humate complexes were formed that precipitated on the surface of compacted 
bentonite 162, being unable to diffuse into the bentonite structure. 
 
The decreased sorption of metals onto boehmite colloids in the presence of HA could 
be mainly due to two reasons: the affinity of the metal for the humic was higher than 
that for the colloid, thereby forming metal-humate complexes that would remain in 
solution; or, due to the high electrostatic attraction, HA sorbed onto the boehmite 
sorption sites preventing the metals from sorbing onto them, hence remaining in 
solution as free metal ions. From previous studies found in the literature, it appears 
that the second reason would explain the experimental findings. 
 
3.3.6. Surface imaging of boehmite colloids 
Two different techniques, XRD Powder Diffraction and SEM, were used to analyse 
the surface of the boehmite in the presence and in the absence of HA to test for any 
surface changes induced by HA. 
 
Figure 55 shows two XRD diffraction patterns, one for boehmite colloids and 
another for the humate-boehmite dried powders. The experimental preparation was 
identical for both samples, which were oven dried and kept in a dessicator. The 
results showed less intense peaks for the humate-boehmite colloids than for the 
colloids alone. This could be due to the smaller amount of sample from the humate-
boehmite colloids available for the measurement, or due to surface changes caused 
by the HA. The ratios of the peaks were compared to distinguish amongst the two 
possible reasons (Table 31). The results showed an increase of the ratio with an 
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increase on the angle. The peaks from the humate-boehmite sample were weaker in 
signal as the angle increased. A linear increase in the ratios of the signals could 
suggest that HA induced changes in the structure of boehmite. However, these results 
are not conclusive. 
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Figure 55. XRD pattern of colloidal boehmite and HA-bound boehmite. 
 
Table 31. Intensity ratios for XRD peaks on boehmite and humate-boehmite colloids. 
2 θ Ratio 2 θ Ratio 
14.4 1.26 38.5 2.19 
28.3 1.97 49.2 2.33 
 
SEM images were taken from the boehmite colloids alone and the humate-boehmite 
colloids. The results are shown in Figure 55, where the presence of aggregates on the 
surface can be observed when HA was bound to the boehmite. These aggregates, 
however, could be due to the preparation process prior to the imaging. The SEM 
image for boehmite colloids showed a smoother surface. These results were not able 
to indicate whether significant changes on the surface of boehmite took place due to 
interaction with HA. 
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Figure 56. SEM images for (a) and (b) humate-boehmite and (c) boehmite colloids. 
 
3.3.7. Modelling 
Two different approaches were taken on modelling the sorption of metals onto 
boehmite colloids. Firstly, the LAM was applied to fit the effect of HA on the 
sorption of metals onto colloids, and secondly, sorption was modelled by the sorption 
isotherms previously described in Chapter 2, i.e. the Langmuir, Freundlich and D-R 
isotherms. 
 
3.3.7.1. Linear Additive Model 
The applicability of the linear additive model (LAM) was studied. The equation used 
for the LAM is the following 140: 
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Equation 3.5 
 
Where Rd,T is the Rd value for the ternary system (dm3 kg-1), Rd,1 is the Rd value for 
the sorption of metal onto boehmite colloids (dm3 kg-1), V is the volume of the 
suspension (dm3), W is the mass of colloids (mg), fHA is the fraction of HA bound to 
the colloid, β is the stability constant of the metal ion humate complex and [HA] is 
the concentration of HA (mg kg-1).  
 
Binary sorption experiments (HA-boehmite colloids) showed that the relation 
between bound HA and the initial amount of HA added to the colloidal sols was 
[HA]bound = 0.9758 [HA]initial – 0.7494 (Figure 51). With this equation, the [HA]bound 
when 1 or 2 mg kg-1 HA were added to the suspension could be calculated and 
yielded 0.2265 and 1.2022 mg kg-1, which would correspond to a fHA = 0.23 and 
0.60, respectively. However, the experimental conditions under which the sorption 
isotherm was obtained were unfavourable for a stable suspension, as an increase in 
HA concentrations led to the flocculation of colloids due to charge neutralisation. 
These values of fHA= 0.23 and 0.60 were used to estimate the Rd,t predicted by the 
LAM, but the use of these values of fHA is discussed further in this section. 
 
The stability constants for the humate-metal complexes were calculated elsewhere 
163; the Rd values for the metal colloid suspensions were those calculated previously 
in Chapter 2. The Rd,T values were calculated for a volume V = 12 x 10-3 dm3 and a 
mass of colloids W = 33.5 mg. The results are shown in Table 32 and Table 33. 
 
Table 32. Parameters for the application of the LAM for sorption of Cs, Ni and Eu onto 
boehmite colloids in the presence of 1 mg kg-1 HA. fHA = 0.23. 
 β (M – HA) Rd,1 (M – Boehmite)  
(dm3kg-1) 
Rd,T,predicted 
(dm3kg-1) 
Rd,t,observed 
(dm3kg-1) 
Cs 9.33 x 102 66.4 ± 2.0 9.24 x 10-2 15.5 ± 0.8 
Ni 5.89 x 105 182.9 ± 3.6 5.10 x 10-4 58.1 ± 6.0 
Eu 1.78 x 106 101.7 ± 21.5 1.81 x 10-4 104.4 ± 7.8 
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Table 33. Parameters for the application of the LAM for sorption of Cs, Ni and Eu onto 
boehmite colloids in the presence of 2 mg kg-1 HA. fHA = 0.60. 
 β (M – HA) Rd,1 (M – Boehmite)  
(dm3kg-1) 
Rd,T,predicted 
(dm3kg-1) 
Rd,t,observed 
(dm3kg-1) 
Cs 9.33 x 102 66.4 ± 2.0 8.93 x 10-2 5.2 ± 0.6 
Ni 5.89 x 105 182.9 ± 3.6 9.25 x 10-4 20.3 ± 0.9 
Eu 1.78 x 106 101.7 ± 21.5 6.09 x 10-4 721.4 ± 52.8 
 
The LAM predicted a decrease in the sorption of metals to boehmite colloids in all 
cases. However, the Rd values predicted were orders of magnitude smaller than those 
observed. On a first attempt, the LAM could not be applied succesfully. 
 
A simpler equation for the LAM was defined by Lippold et al. 141: 
][1
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The application of this equation yielded the following values for the distribution ratio 
of the ternary system: 
 
Table 34. Parameters observed from the application of the LAM 155 to the sorption of metals 
onto boehmite colloids in the presence of 1 and 2 mg kg-1 HA. 
1 mg kg-1 HA 2 mg kg-1 HA 
 Rd,t predicted Rd,t observed Rd,t predicted Rd,t observed 
Cs 3.01 x 10-1 15.5 ± 0.8 6.36 x 10
-1
 5.2 ± 0.6 
Ni 2.30 x 10-1 58 ± 6 6.01 x 10
-1
 20.3 ± 0.9 
Eu 2.30 x 10-1 104 ± 8 6.01 x 10
-1
 721 ± 53 
 
This equation for the LAM predicts low distribution ratios, below 1 in all cases; 
values which are lower than those observed experimentally. Further, little differences 
in the Rd,T are predicted between the three metals studied. This is due to the high 
value of βM, which is is greater than 1 in all cases, and also greater than Rd,M. The 
terms of the equation (Equation 3.6) cancel out and the predicted Rd,t becomes the 
fHA multiplied by the HA concentration. 
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This model also failed to explain the sorption of metals in a ternary system formed 
by boehmite, HA and metals. Possible reasons for this are discussed in terms of 
modelling and methodology. 
 
One of the assumptions of the LAM is a similar affinity of the metal for the humate-
colloid and for the free HA in solution. If the affinity of the metal for the dissolved 
HA were higher than that for humate bound to the colloid, the Rd,T would be lower 
than that predicted, in agreement with the results observed. Another assumption of 
the LAM is that the sorption properties of the mineral remain unaltered. Although the 
concentrations of HA and boehmite colloid were selected in order to achieve a stable 
system, HA might have induced some instability to the boehmite colloids, thereby 
affecting noticeably the sorption properties of the colloids. XRD and SEM 
measurements were not conclusive to whether the surface of boehmite colloids was 
altered by coating with HA. 
  
Both equations used, Equations 3.5 and 3.6, depend mainly on three terms: Rd,M, fHA 
and βM, which are the distribution ratio for metal bound to colloids, the fraction of 
HA bound to the colloids and the stability constant of metal and HA, respectively. 
The Rd,M values were obtained from the sorption of the metal to boehmite colloids 
under specific experimental conditions. As the distribution ratios are strongly 
dependent on the experimental conditions, the sorption of metals in the ternary 
system was carried out under the same experimental conditions as those used in the 
binary sorption studies to minimise errors due to differences in Rd,M. The values of 
βM were calculated and used elsewhere 163. 
 
However, the derivation of the fraction of HA bound to colloids may be a source of 
error due to the following reasons: 
(1) The fHA was calculated from the sorption isotherm (Figure 51) where increasing 
concentrations of HA were added to boehmite colloids. As the HA concentration 
increased, the stability of the suspension decreased, leading to coagulation of the 
colloids by charge neutralisation.  fHA was calculated for a non-stable binary system.  
 
(2) On another hand, when HA concentrations below 3 mg kg-1 were added to a 
colloidal system containing 30 mg of boehmite, the dissolved HA in solution could 
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not be detected by UV-Vis, i.e. the signal corresponded to background levels (Figure 
57). These results suggested that low amounts of HA, below limit of detection, 
remained in solution, in which case the value of fHA would be close to 1, rather than 
the lower values predicted from the sorption isotherm. 
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Figure 57. UV scatter of dissolved HA after equilibration with boehmite colloids at pH 7 and 
ionic strength 0.05 mol dm-3. 
 
Sensitivity Analysis 
The application of equations 3.5 and 3.6 failed to reproduce the experimental 
observations. A sensitivity analysis was performed on the results obtained from 
modelling with Equations 3.5 and 3.6. The influence of each of  Rd,1, fHA, and β on  
Equations 3.5 and 3.6 was studied by doubling their values and observing the 
response of Rd,t. The results are summarised in Table 35 for Cs. 
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Table 35. Sensitivity analysis for Cs sorption onto boehmite colloids in the presence of (a) 1 and 
(b) 2 mg kg-1 HA. 
a) x2 Rd,t Eq 3.5 Rd,t Eq 3.6 
Rd,Cs 66.4  →  132.8 9.24 x 10-2 → 1.85 x 10-1 0.3 → 0.37 
fHA 0.23  →  0.64 9.24 x 10-2 → 1.32 x 10-1 0.3 → 0.53 
βCs 9.33 x 102 → 1.87 x 103 9.24 x 10-2 → 4.63 x 10-2 0.3 → 0.27 
The values of Rd,t are those calculated by Equations 3.5 and 3.6, respectively 
 
b) x2 Rd,t Eq 3.5 Rd,t Eq 3.6 
Rd,Cs 66.4  →  132.8 8.94 x 10-2 → 1.78 x 10-1 0.64 → 0.67 
fHA 0.6  →  1.0 8.94 x 10-2 → 6.71 x 101 0.64 → 1.04 
βCs 9.33 x 102 → 1.87 x 103 8.94 x 10-2 → 4.50 x 10-2 0.64 → 0.62 
The values of Rd,t are those calculated by Equations 3.5 and 3.6, respectively 
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Table 35 shows the influence of doubling the three influencing parameters into 
Equations 3.5 and 3.6. When studying Equation 3.5, in general, when the values of 
Rd,Cs and βCs were doubled, the expected Rd,t, was doubled and halfed, respectively. 
The sensitivity analysis of Equation 3.6 showed the clear dependence of the equation 
on fHA, as the doubling of Rd,Cs and βCs resulted in little changes on the expected Rd,t, 
but when the fHA was doubled, the Rd,t was also doubled. 
 
The sensitivity analysis showed similar results for Ni and Eu: 
 
Table 36. Sensitivity analysis for Ni sorption onto boehmite colloids in the presence of (a) 1 and 
(b) 2 mg kg-1 HA. 
a) x2 Rd,t Eq 3.5 Rd,t Eq 3.6 
Rd,Ni 182.9  →  365.8 5 x 10-4 → 9.13 x 10-4 0.23 → 0.23 
fHA 0.23  →  0.64 5 x 10-4 → 8.80 x 10-4 0.23 → 0.46 
βNi 5.89 x 105 → 1.18 x 106 5 x 10-4 → 3.09 x 10-4 0.23 → 0.23 
The values of Rd,t are those calculated by Equations 3.5 and 3.6, respectively 
 
b) x2 Rd,t Eq 3.5 Rd,t Eq 3.6 
Rd,Ni 182.9  →  365.8 9.25 x 10-4 → 1.31 x 10-4 0.64 → 0.67 
fHA 0.6  →  1 9.25 x 10-4 → 6.05 x 10+2 0.64 → 1.04 
βNi 5.89 x 105 → 1.18 x 106 9.25 x 10-4 → 7.31 x 10-3 0.64 → 0.62 
The values of Rd,t are those calculated by Equations 3.5 and 3.6, respectively 
 
 
Table 37. Sensitivity analysis for Eu sorption onto boehmite colloids in the presence of (a) 1 and 
(b) 2 mg kg-1 HA. 
a) x2 Rd,t Eq 3.5 Rd,t Eq 3.6 
Rd,Eu 101.7  →  203.4 1.81 x 10-4 → 2.55 x 10-4 0.23 → 0.23 
fHA 0.23  →  0.64 1.81 x 10-4 → 4.11 x 10-4 0.23 → 0.46 
βEu 1.78 x 106 → 3.56 x 106 1.81 x 10-4 → 1.44 x 10-4 0.23 → 0.23 
The values of Rd,t are those calculated by Equations 3.5 and 3.6, respectively 
 
b) x2 Rd,t Eq 3.5 Rd,t Eq 3.6 
Rd,Ni 182.9  →  365.8 6.08 x 10-4 → 6.80 x 10-4 0.60 → 0.60 
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fHA 0.6  →  1 6.08 x 10-4 → 1.38 x 10+3 0.60 → 1.00 
βNi 5.89 x 105 → 1.18 x 106 6.08 x 10-4 → 5.73 x 10-4 0.60 → 0.60 
The values of Rd,t are those calculated by Equations 3.5 and 3.6, respectively 
 
The sensitivity analyses performed on modelling metal sorption onto boehmite 
colloids in presence of HA showed, for most of the systems, that changing the fHA led 
to a change in the calculated Rd,t, whereas changing the other two parameters 
influenced to little extent the overall distribution ratio.  
 
fHA represents the fraction of bound HA to the surface of the colloid and has a 
maximum value of 1. Earlier in this section the errors implied in the calculation of 
this value were analysed. Further, a value of close to 1 was proposed as more 
appropiate.  
 
As closure to the sensitivity analysis, an attempt was made to model the systems with 
values of fHA close to 1, to find out whether the predicted Rd,t could resemble those 
obtained experimentally. The following values of fHA were adjusted manually in 
order to obtain a Rd,t value close to the experimental (Table 38). 
 
Table 38. Values of fHA for similar values between Rd,t predicted and experimental. 
[HA] = 1 [HA] = 2  fHA 
Rd,t predicted Rd,t experim Rd,t predicted Rd,t experim 
Cs 0.995 11.78 15.5 6.49 5.2 
Ni 0.99999 57.17 58.1 47.33 20.3 
Eu 0.999997 116.61 104.4 117.88 721.4 
 
Table 38 shows the values of fHA for which the LAM would yield similar results for 
the predicted distribution ratio and the experimental values. It can be seen that the 
number of decimal points needed increased with the cationic charge, and the values 
of Rd,t predicted varied with the decimals used. 
 
Table 38 confirms the errors in the derivation of fHA via the sorption isotherm and 
further confirms the high sorption of HA to boehmite colloids. Moreover, assuming 
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these new values of fHA, the LAM could be applied to the sorption of metals onto 
boehmite colloids in the presence of HA. 
 
3.3.7.2. Langmuir, Freundlich and D-R modelling 
In a similar manner as in Chapter 2, the experimental results for the sorption of 
metals to boehmite in the presence of HA were modelled using the Langmuir, 
Freundlich and Dubinin-Radushkevich (D-R) approximations. The linearised 
equations corresponding to each model are summarised below: 
 
Langmuir 
mm qCbqQ
1111
+
⋅
=  Equation 3.7 
Freundlich CnFQ logloglog +=  Equation 3.8 
D-R 
( )CRT
kqQ m
11ln
lnln 2
+=
−=
ε
ε
 
( ) 212 −= kE  
Equation 3.9 
Equation 3.10 
 
Equation 3.11 
 
Where Q is the concentration of metal bound, Rd is the distribution coefficient, qm is 
the maximum amount of metal sorbed on the colloid, C is the free concentration of 
metal in solution, F and n are constants, ε is the Polanyi potential, R is the gas 
constant, in kJ, T is the temperature, in K, and E is the mean free energy of sorption, 
in kJ mol-1. A summary of the main parameters is detailed below: 
 
Table 39. Parameters of the modelling of the sorption of Cs, Ni and Eu onto boehmite in the 
presence of HA (0, 1 and 2 mg kg-1). 
Langmuir Freundlich D-R 
[HA] 
(mgkg-1) 
R2 qm  
(mol kg-1) 
R2 n R2 E 
(kJmol-1) 
 0 0.9807 9.8 x 10-3 0.9991 1.01 ± 0.02 0.9875 8.22 
Cs 1 0.9996 5.5 x 10-2 0.9979 1.03 ± 0.02 0.9894 7.37 
 2 0.9968 -3.9 x 10-2 0.9808 0.96 ± 0.05 0.9616 7.54 
 0 0.9948 -5.2 x 10-2 0.9905 1.22 ± 0.04 0.9830 6.97 
Ni 1 0.9997 1.67 x 10-2 0.9840 0.69 ± 0.03 0.9991 9.45 
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 2 0.9994 5.52 x 10-3 0.9944 0.78 ± 0.02 0.9994 8.84 
 0 0.9969 1.25 x 10-2 0.8623 0.44 ± 0.06 0.9217 12.31 
Eu 1 0.9952 9.12 x 10-3 0.9891 0.60 ± 0.02 0.9958 10.31 
 2 0.9955 1.48 x 10-2 0.9876 0.53 ± 0.02 0.9994 11.63 
 
Table 39 shows the parameters obtained from applying the three models to the 
experimental data obtained from the sorption of Cs, Ni and Eu onto boehmite 
colloids in the presence of HA. The R2 represents the fit of the linear curve and qm, n 
and E, respectively, represent the maximum concentration of metal adsorbed (mol 
kg-1), the representative Freundlich constant and the mean free energy of sorption (kJ 
mol-1). 
 
The modelled data for Cs showed better fits for the Langmuir and the Freundlich 
models. Observing the sorption isotherm in Figure 52, the maximum concentration of 
Cs sorbed was above the value predicted by the equation. Therefore, this model did 
not fit the experimental data. The constant calculated by the Freundlich model had a 
value near unity, in agreement with the linear sorption observed experimentally. 
In the case of Ni, the Langmuir model failed to explain the sorption of Ni onto 
boehmite colloids in the presence of HA as the predicted value of qm was lower than 
that observed in Figure 53. The fits for both Freundlich and D-R models were 
acceptable. The mean free energy values calculated from the D-R equation and the n 
value from the Freundlich isotherm predicted a change in behaviour upon the 
presence of HA in the system, from linear sorption in the absence of HA to the 
saturation observed in the presence of HA. 
 
Finally, the qm values predicted by the Langmuir model for Eu sorption onto 
boehmite colloids in the presence of HA were just slightly lower that those observed 
in Figure 54. The fits for Eu were generally good for all the models. The Freundlich 
equation predicted a n value below one in all cases, showing a slight increase in the 
presence of HA. Finally, the mean free energy values were in all cases above 8 kJ 
mol-1, suggesting ion exchange mechanisms of sorption 164. 
 
The results of the models are shown below: 
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a) Langmuir fit for Cs sorption onto boehmite colloids in the 
presence of 0, 1 and 2 mg kg-1 HA.
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Freundlich fit for Cs sorption onto boehmite colloids in the presence 
of 0, 1 and 2 mg kg-1 HA.
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c) D-R Fit for Cs sorption onto boehmite colloids in the presence of 
0, 1 and 2 mg kg-1 HA.
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Figure 58. Modelling Cs sorption onto boehmite colloids in the presence of HA at pH 7 and ionic 
strength 0.05 mol dm-3. 
 
a) Langmuir fit for Ni sorption onto boehmite colloids in the 
presence of 0, 1 and 2 mg kg-1 HA.
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b) Freundlich fit for Ni sorption onto boehmite colloids in the 
presence of 0, 1 and 2 mg kg-1 HA.
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c) D-R Fit for Ni sorption onto boehmite colloids in the presence of 
0, 1 and 2 mg kg-1 HA.
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Figure 59. Modelling Ni sorption onto boehmite colloids in the presence of HA at pH 7 and ionic 
strength 0.05 mol dm-3. 
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a) Langmuir fit for Eu sorption onto boehmite colloids in the 
presence of 0, 1 and 2 mg kg-1 HA.
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b) Freundlich fit for Eu sorption onto boehmite colloids in the 
presence of 0, 1 and 2 mg kg-1 HA.
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c) D-R Fit for Eu sorption onto boehmite colloids in the presence of 
0, 1 and 2 mg kg-1 HA.
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Figure 60. Modelling Eu sorption onto boehmite colloids in the presence of HA at pH 7 and ionic 
strength 0.05 mol dm-3. 
3.4. Conclusions 
Organic substances have been shown to influence the sorption of radionuclides and 
other contaminants onto minerals. Although the studies with colloids are not as 
plentiful as on solid surfaces, some studies have been reported which show that HA 
enhances metal sorption at low pHs and hinders it at high pHs. This chapter has 
investigated the influence of humic acids on boehmite colloids as well as the effect 
of humics on the sorption of metals on boehmite colloids. 
 
HA was found to destabilise boehmite colloids at fairly low concentrations. As the 
concentration of HA increased, boehmite colloids became stable. The experiments 
showed that the recovery of stability depended on the concentration of boehmite 
colloids, as lower concentrations of colloid recovered stability at lower 
concentrations of HA, whereas suspensions with higher concentration of colloids 
needed of higher concentrations of HA to become stable again. 
 
Following the investigation carried out in Chapter 2, the conditions of pH, ionic 
strength and metal/colloid concentration were reproduced in this study, with the 
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inclusion of HA at different concentrations. In order to have a stable ternary system, 
either low concentrations of HA (below 5 mg kg-1), or higher concentrations of HA 
were to be used. At high concentrations of HA, the surface coverage of boehmite by 
HA might have been too large as to allow sorption of metals onto colloids to be 
significant. Therefore, only 1 and 2 mg kg-1 HA could be used in this investigation. 
Further studies including higher concentrations of HA would be needed to better 
understand the mechanisms of sorption of metals onto boehmite colloids in the 
presence of HA, i.e. whether or not the metal in solution is present as free metal ions 
or as metal-humate complexes. 
 
The investigation reported here revealed that HA, even at low concentrations, 
influenced greatly the sorption of metals onto boehmite colloids, hindering it in all 
cases. From previous literature, the most plausible explanation was the blocking of 
sorption sites by the HA. 
 
Mathematical tools were used to model the sorption of metals onto boehmite colloids 
in the presence of HA. Two different equations of the linear additive model were 
used, but, in a first attempt, both failed to explain the effect of HA in the ternary 
system. A rigurous analysis of the possible sources of error was performed, from 
which a change in the value of fHA, which represents the sorption of HA onto the 
boehmite colloids, was made. This modification led to the successful application of 
the LAM. Further, this modification highlighted the importance of considering a 
stable binary (colloid-HA) system. 
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Chapter 4. MOBILITY OF COLLOIDS AND COLLOID-
FACILITATED TRANSPORT 
 
4.1. Introduction 
Migration of colloids has been widely studied using a large number of techniques, 
including fluorescence spectrophotometry 165,166167, UV-Vis spectrophotometry 
168,169,170,171,172
 turbidity 172, Rutherford backscattering spectrometry 173 and high 
sensitivity liquid in situ spectrometry 174. The movement of colloids has been studied 
both in laboratory conditions 167,171 and in field experiments 175,165,176,177. Factors 
affecting the retention of colloids through a column may be attachment, straining and 
filtering 167. 
 
The influence that organic and inorganic colloids have on the mobility of 
contaminants through the Geosphere has also been assessed 174,176,177,178,179,180, and 
generally, the transport of contaminants was enhanced by the colloids. 
 
Radiolabelling colloids can be used to track the colloid during a transport process, as 
it involves the incorporation of a radioactive spike in the structure of the colloid 
during its synthesis. It has been generally applied for medical purposes 181,182,183. 
However, it could also be used to follow radiometrically the movement of colloids 
through a column.  
 
The aims of this chapter were to synthesise stable radiolabelled colloids, study their 
migration through a sand column and assess the influence of colloids on the mobility 
of caesium through a sand column. Hence, this chapter may be divided into two 
parts, one concerning the synthesis and stability of radiolabelled silica colloids, and a 
second, concerning the migration of both silica colloids and caesium associated with 
the silica colloids through a sand column. 
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4.2. Experimental 
A known method for synthesising silica colloids was used to generate radiolabelled 
silica colloids 184. The stability of both the silica colloids and the radiolabel was 
studied by spectroscopic and radiometric techniques. Once the stability of colloids 
was assured, migration experiments were carried out by passing the radiolabelled 
silica colloids through a sand column. 
 
4.2.1. Method development 
2.1.1. Materials used 
Silica colloids were synthesised from TEOS (tetraethyl orthosilicate), provided by 
Alfa Aesar. 0.88 mol dm-3 NH4OH (Sigma Aldrich) and ethanol 99% were used in 
the synthesis. The dialysis bags used were Spectra/por Biotech Cellulose Ester (CE) 
Dialysis Membranes MWCO: 100-500 D. These were previously wetted in 0.1% 
NaN3, from Alfa Aesar. The NaClO4, 95%, was purchased from Sigma Aldrich. 
 
BDH sand was used in the migration experiments. 
 
152Eu and 137Cs are detailed in Table 1. 
 
4.2.1.2. Preparation for measurements 
Following those experiments carried out by Fairhust 198, characterisation of silica 
colloids took place by measuring the average size and zeta potential with a Zeta 
Master S (Malvern Instruments, UK). Approximately 3 cm3 aliquots were used. UV 
measurements were carried out using a UV Type Varian Cary Series 50 Bio 
Spectrophotometer. A quartz cuvette was filled with approximately 1 cm3 of sample 
and the absorbance spectra were recorded at 240.1 nm. 
 
Migration studies were carried out by means of column experiments. A Pharmacia 
glass column with the following dimensions was used: 30 cm in length and 2.6 cm in 
diameter. 20 µm membranes were fitted at both ends of the column. A Pharmcia P1 
pump was used. 1 cm3 aliquots from the effluent were collected with a RediFRAC 
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fraction collector. The radioactive samples were measured by gamma counting (152Eu 
and 137Cs) using a Cobra II Auto-Gamma Counter (Packard Ltd), or by beta counting 
(tritiated water) using a Tricarb 1900TR Liquid Scintillation Analyzer (Packard Ltd). 
The activity along the length of the column was measured using a Na-I detector, 
Teledyne Brown Engineering Environmental Services – Scintillation Amplifier 
model 5010. 
 
4.2.2. Synthesis and stability of radiolabelled silica colloids 
4.2.2.1. Synthesis of silica colloids 
Silica colloids were prepared by a method based on that detailed by Stöber et al. 184, 
where 50 cm3 of ethanol 99% were added to 2 g of TEOS (tetraethyl orthosilicate). 
The sample was then placed in a sonicating bath whilst adding 2 cm3 of 0.88 mol dm-
3
 NH4OH. The samples were sonicated for a further 20 minutes and then placed in a 
shaker overnight. After this time, the samples were placed in dialysis bags  
previously wetted in 0.1 % NaN3. 0.05 mol dm-3 NaClO4 was used as the dialysis 
solution. This solution was changed every 12 hours until no ethanol was detected, 
usually 7 to 10 days (qualitative detection of ethanol was carried out by HPLC). The 
silica colloids were transferred to a previously dried beaker for gravimetric 
determination. 
 
4.2.2.2. Synthesis of Eu-doped silica colloids 
50 cm3 of ethanol 99% were added to 2 g of TEOS. 1 cm3 of 152Eu (approximately 
341.5 kBq dm-3) was added. The sample was placed in a sonicating bath whilst 
adding 2 cm3 of 0.88 mol dm-3 NH4OH. The sample was left in the sonicating bath 
for a further 20 minutes and then placed in a shaker overnight. After this time the 
samples were transferred to a dialysis bag, previously wetted in NaN3. 1 dm3 0.05 
mol dm-3 NaClO4 solution was added to the measuring cylinder where the dialysis 
bag was placed. The sample was left in the dialysis bag for 10 days, changing the 
dialysis solution twice a day. After this time, the dialysis bag was emptied and the 
silica colloids were characterised. 
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4.2.2.3. Characterisation and stability of Eu-doped silica colloids 
UV measurements at a wavelength of 240.1 nm were used to characterise the 
generated colloids. Gamma counting was used to monitor the stability of the 
radiolabel. Also, the average size and zeta potential of the synthesised colloids were 
measured using a Zeta Master S. A calibration curve was produced by plotting the 
measurements obtained by UV spectroscopy and gamma counting versus the dilution 
of Eu-doped silica colloids in water. 
 
4.2.3. Migration experiments 
Following the characterisation experiments, the synthesised silica colloids were used 
to assess the migration of silica colloids through a sand column, as well as the 
influence of silica colloids on the transport of a radioactive spike. 
 
4.2.3.1. Migration of Eu-doped silica colloids through sand column 
The migration of silica colloids was studied radiometrically by following the 
breakthrough of the synthesised Eu-doped silica colloids through a sand column. The 
overall dimensions of the column were 30 cm in length and 2.6 cm in diameter. The 
column was packed with approximately 250 g of sand (particle size diameter 100 – 
300 µm 185,186,187), previously wetted in DI water. To avoid the formation of air 
bubbles, water was preintroduced into the column from its bottom to a certain height; 
the sand was then poured slowly into the column while mechanical stirring took 
place with a glass rod. The top and the base of the column were fitted with 20 µm 
membranes. The eluants were flooded upwards through the column (see Figure 61). 
 
The flow rate of the eluant used in all measurements was adjusted to approximately 
0.25 cm3 min-1. Tritiated water (82 kBq dm-3) was used as a conservative tracer to 
measure the porosity of the column. Following the porosity measurement, migration 
experiments were carried out by flooding 100 cm3 suspension of the synthesised Eu 
doped silica colloids into the column until it was all added, at which point it was 
switched to deionised water, until no activity was detected in the outlet. A fraction 
collector was connected to the outlet at the top of the column. 1.25 cm3 fractions of 
eluant were collected and measured in the gamma counter for activity. 
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Figure 61. Experimental set up for the migration of radiolabelled silica colloids through a sand 
column. 
 
On conclusion of the experiment, any retention of the radiolabelled colloids along the 
column was measured by gamma counting with a Na-I detector (see Figure 62 for 
two different angles of the experimental set up). The lead bricks were set so that a slit 
of 1.5 cm allowed the detector to measure the activity. The column was divided into 
18 segments and each of the segments was measured for 40 minutes. The instrument 
was previously calibrated with 137Cs, 22Na and 57Co standards. From the calibration, 
the channel numbers corresponding to the different photopeaks of 152Eu were defined 
and consequently the regions of interest could be set. 
 
   
Figure 62. Experimental set up for the measurement of remaining gamma activity with NaI 
detector. 
 
A control experiment was carried out to test the effectiveness of the lead bricks at 
shielding the detector from γ-activity. The control experiment consisted on 
measuring a standard sample of 152Eu using the same set up as that used in the 
column experiment. The standard was measured in front of the detector and was 
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moved two centimeters to the left and right of the slit, when further recordings were 
taken (Figure 63). 
 
Figure 63. Diagram of the control experiment carried out for the detection of γ-activity through 
lead bricks with Na-I detector. 
 
Briefly, the recordings decreased sharply when the standard was moved two 
centimeters away from the detector (Table 40), indicating that the lead bricks were 
effective at shielding the γ-activity coming from segments of the column at least two 
centimeters away from the segment in front of the detector. 
 
Table 40. Control experiment proving the effectiveness of the lead bricks. 
Position A – 1 A A + 1 
Net counts 585 ± 121 19134 ± 367 384 ± 126 
 
 
4.2.3.2. Migration of Cs associated to Eu-doped silica colloids 
through sand column 
Column experiments were carried out to study the effect of colloids in the migration 
of Cs through a sand column. For this purpose, a batch of synthesised Eu doped silica 
colloids was contacted with a spike of 137Cs (45 kBq cm-3). After equilibration, 3.5 g 
of ion exchange resin were added to remove any Cs ions remaining in solution. Prior 
to investigating the migration of Cs, the interaction of the metal with silica colloids 
was assessed. 
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4.2.3.2.1. Sorption and desorption of Cs on silica colloids 
Prior to the column experiment, the sorption and desorption of Cs to silica colloids 
were studied by means of batch experiments. The silica colloids were synthesised as 
described in section 4.2.2.1. In triplicate, 1 cm3 of CsCl solution (1x10-6 to 3x10-3 
mol dm-3) was added to 10 cm3 of silica colloids. The suspension was spiked with 
137Cs (8.3 kBq dm-3) and the pH adjusted to 7. The samples were left to equilibrate 
for 24 hours, after which separation took place by centrifugation (6000 rpm for 30 
minutes), followed by filtration through 0.45 µm filters. The activity of a 2 cm3 
aliquot was measured by gamma counting. 
 
Following the sorption experiments, desorption experiments were carried out by 
redispersing the Cs bound silica colloids in DI water. After a 24 hour period, the 
samples were centrifuged for 30 minutes at 6000 rpm. An aliquot of the supernatant 
was then filtered through a 0.45 µm filter and its activity was measured by gamma 
counting. 
 
4.2.3.2.2. Column experiments 
The procedure for the column experiments consisted of flooding 100 cm3 of Cs – Eu 
doped silica colloids suspension into the column at a flow rate of 0.25 cm3 min-1 until 
nearly all of the solution had entered to the column. After this, DI water was 
introduced into the column. Fractions of the eluant were collected until no more 
activity was detected in the outlet. On conclusion of the experiment, the column was 
measured with a Na-I detector to study the remaining activity along the column. 
 
Both of the active elements present in suspension (137Cs and 152Eu) were gamma 
emitters. Detection and quantification of the activity coming from each element was 
possible due to the different energies of the photopeaks of the elements. 137Cs has a 
single peak at 665 keV; 152Eu has up to six different photopeaks, showing a more 
complex gamma spectrum 188. The different values of energies made possible the 
separation of 137Cs and 152Eu in both the gamma counter and the Na-I detector. 
 
A protocol was prepared in the gamma counter, where the channels were set to the 
following values: 
Mobility of Colloids and Colloid-Facilitated Transport                       Page 168 of 214 
Table 41. Selection of regions in gamma counter for 152Eu and 137Cs. 
Channel Lower Limit (channel number) Upper Limit (channel number) 
Region A 75 250 
Region B 350 500 
Region C 700 850 
 
The selection of channels shown in the table above provided a good separation of the 
peaks for 152Eu (Regions A and B) and for 137Cs (Region C). In the case of the Na-I 
detector, the peak for 137Cs could be clearly distinguished from those from 152Eu. 
Two regions of interest were preset, the one for 152Eu in channels 153 to 192 and the 
one for 137Cs in channels 282 to 354. Figure 64 shows the spectra for the gamma 
counter of the (a) Cs – Eu doped silica colloids, (b) Eu doped silica colloids and (c) 
Cs spike on their own. Figure 65 shows the spectra for the Na-I detector for the Cs – 
Eu doped silica colloids. 
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Figure 64. Gamma-counter scans for (a) Cs associated to Eu-doped silica colloids, (b) Eu-doped 
silica colloids and (c) Cs spike. 
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Figure 65. Spectra from NaI detector for Cs associated to Eu-doped silica colloids. 
 
4.3. Results 
4.3.1. Characterisation and stability of colloids 
Various techniques including UV-Vis spectrometry, dynamic light scattering (DLS), 
zeta potential and gamma counting, were used to characterise the synthesised silica 
colloids and radiolabelled silica colloids. UV-Vis spectrometry (measurement at 254 
nm) was used to study the stability of the colloids as a function of time and ionic 
strength. Gamma counting was used to study the stability of the radiolabel as a 
function of time. 
 
4.3.1.1. Silica colloids 
The average size of the (non-active) silica colloids was measured by DLS and 
showed an average size of 124.8 ± 4.0 nm. The zeta potential was measured by 
electrophoretic mobility and showed -55.3 ± 4.7 mV. These data are an average of 
ten measurements carried out in the Zeta Master. The values for the zeta potential of 
silica colloids found in literature vary greatly depending on the ionic strength of the 
suspension 189. However, the experimental values are in agreement with the literature 
for the pH studied: -35 mV 190, -53.1 mV 191, -80 mV 192. Both the average size and 
the zeta potential were measured in a Zeta Master S. 
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The surface area of the silica colloids was measured by the method described by 
Sears 193. Briefly, 30 g of NaCl were added to 1.5 g of silica acidified to pH 3 to 3.5. 
The volume was made up to 150 cm3 with DI water. After taking the pH to 4, the 
solution was titrated with 0.1 mol dm-3 NaOH to pH 9. The volume required to rise 
the pH from 4 to 9 is related to the surface area as described by the following 
relation: 
 
S = 32V – 25 Equation 4.1 
 
Where S is the surface area (m2 g-1) and V is the volume required for the titration 
(cm3). This procedure yielded a surface area of 48.6 m2 g-1. Although this is a low 
result compared to values found in the literature, which are in the range of hundreds 
of m2g-1 194,195,196, Vasconcelos et al. 196 found that the specific surface area (as well 
as other physical properties), depend on the proportion of reactants, i.e. TEOS, 
NH3OH, and ethanol, added to synthesise the silica colloids. In their experimental 
observations, the specific surface areas measured ranged from <1 to 900 m2 g-1. 
 
The UV-vis scatter of the synthesised silica colloids was measured at 240.1 nm. The 
stability of the silica colloids was studied as a function of time and ionic strength 
(Figure 66). 
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Figure 66. UV Scatter of silica colloids as a function of time and ionic strength (IS). 
 
Figure 66 shows the kinetic stability of silica colloids at different ionic strengths over 
a period of seven days. The plots shown are the scattering of the colloid suspensions 
as synthesised, without further dilution. The high concentration of colloids in the 
synthesised suspension explains the high values of UV scattered light. Note that 
scatter decreased with time, more rapidly as the ionic strength increased. At the 
highest ionic strengths (0.5 and 1 mol dm-3) the scatter of UV-Vis decreased 
drastically after one day. Thus, as the ionic strength increased, the stability of the 
colloids decreased. For ionic strenth 1 mol dm-3, the colloids had flocculated after 24 
hours. The ionic strength used in all experiments was 0.05 mol dm-3. Also, for all 
migration experiments, the colloids were synthesised in situ, to avoid flocculation 
problems during storage. 
 
4.3.1.2. Eu-doped silica colloids 
The Eu doped silica colloids were characterised by measuring the average size, the 
zeta potential and the gamma activity. The reproducibility of the synthesis of Eu 
doped silica colloids is shown in Table 42, where the measured properties of three 
different sets of Eu doped silica colloids are summarised. 
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Table 42. Characterisation of Eu doped silica colloids. 
 Set 1 Set 2 Set 3 
Initial Activity (Bq cm-3) 385.17 316.78 322.44 
Final Specific Activity (Bq cm-3) 310.84 152.93 194.09 
Radiolabelling yield (%) 80.7 48.3 60.2 
Average Size (nm) 167.8 ± 2.9 100.6 ± 15.8 253.7 ± 6.8 
Zeta Potential  (mV) -56.7 ± 3.7 -50.6 ± 11.4 -46.8 ± 2.9 
 
The initial activity refers to the activity of 152Eu added at the beginning of the 
synthesis procedure, and the specific activity refers to the activity of the radiolabelled 
colloids measured at the end of the synthesis procedure. The radiolabelling yield 
varies in the three sets prepared. As the ratio of reactants added to each set of 
samples was equal in all three cases, the following experimental factors are discused: 
• Prior to the average size and zeta potential measurements, the samples were 
diluted due to the high concentration of colloids. Dilution, however, should 
not affect the properties of the synthesised colloids.  
• A different batch of dialysis bags were used for the synthesis of Set 3. This 
could be a reason for the slightly higher values of average size observed 
compared to the other two sets. 
• The ionic strength is an important factor influencing the stability of colloids, 
but in this case, the ionic strength of the dialysis solution was kept constant at 
0.05 mol dm-3, as the solution was prepared in situ. 
• The pH of the suspensions was adjusted on conclusion of the synthesis. 
Changes in pH could have occurred during the synthesis steps, explaining the 
differing properties of the colloids in the three different sets. 
 
As previously mentioned, the synthesised Eu doped silica colloid suspensions were 
highly concentrated. To achieve a good UV-Vis measurement, the suspensions were 
diluted by taking different volumes of suspension into 10 cm3 of deionised water. 
The scatter in UV-Vis light, as well as the specific activity, were measured and a 
calibration curve was plot (Figure 67). 
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Figure 67. UV Scatter and specific activity of silica colloids in DI water. 
 
Figure 67 shows a good correlation between both the UV scatter and the specific 
activity with the dilution of colloids in water. The calibration showed a linear 
relation between the volume of colloids and the UV light scattered or the specific 
activity. At higher concentrations of colloids in water, the UV scatter curved to a 
plateau (not shown), indicating that the light detected by the UV detector was 
originated by the scattering of the light to other surrounding colloidal particles, rather 
than being scattered directly by the particles.  
 
Two experiments were carried out to study whether the 152Eu label had been 
incorporated into the structure of the silica colloids. In one experiment, 10 cm3 of Eu 
doped silica colloids (Set 2 in Table 42) were contacted with 4 g ion exchange resin 
(Amberlite IR-120). The activity of the supernatant was measured before and after 
equilibration (1 hour). A blank test was also carried out where the ion exchange resin 
was contacted with 10 cm3 of aqueous Eu3+ (76.4 kBq dm-3). The results for the 
blank test proved that the ion exchange resin sorbed effectively all the free Eu, as 
less than 1% of the initial activity was detected in the supernatant after the 
equilibration time. The results for the Eu doped silica colloids showed that 
approximately 70% of the initial activity remained in suspension after equilibration 
with the ion exchange resin. 
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A second experiment involved centrifuging a sample of Eu doped silica colloids (Set 
2 in Table 42). The supernatant was measured for activity before and after 
centrifugation. After the process of centrifugation, the colloids were redispersed in 
the presence of different concentrations of NaCl. The samples were left to equilibrate 
and centrifuged again. The activity was measured before and after every treatment. 
The results are shown in Figure 68. 
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Figure 68. Specific activity of the supernatant of suspensions of silica colloids before and after 
centrifugation, and after redispersion in various concentrations of NaCl. 
 
Figure 68 shows the specific activity (y-axis) of the supernatant in the samples 
described on the x-axis. The Eu doped silica colloids had an initial specific activity 
of approximately 350 Bq cm-3. After centrifugation, the activity in the supernatant 
decreased by approximately 30% and, hence, 70% of the activity remained in the 
colloids. These results are in agreement with the findings from the experiments 
discussed earlier in this section. Furthermore, after redispersing the Eu doped silica 
colloids in various NaCl solutions and centrifuging these samples, the activity in the 
supernatant was negligible. These data show that the Eu3+ ions were not exchanged 
with the Na+ ions when sodium chloride solution was added.  
 
Both experiments yielded the same results. Therefore, it can be assumed that after a 
treatment with ion exchange resin the 152Eu3+ ions present in the sol are inside the 
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structure of the silica colloids. This treatment was applied prior to the use of the Eu 
doped silica colloids in the column experiments to ensure that no free Eu3+ ions were 
flooding the column. 
 
4.3.2. Migration experiments 
4.3.2.1. Migration of Eu-doped silica colloids through sand column 
UV spectrophotometric techniques have been used in numerous studies to follow the 
transport, deposition and release of colloids 197,198,166,168. In this work, the migration 
of silica colloids was studied radiometrically by radiolabelling the silica colloids with 
152Eu, which was incorporated in the structure of the colloids during its synthesis. 
The Eu doped silica colloids were introduced into the column as described in section 
4.2.3.1 and the results are shown below. Table 43 shows the experimental parameters 
for the column experiment. 
 
Table 43. Experimental parameters of column experiment carried out for the assessment of the 
migration of Eu doped silica colloids through sand column. 
Colloid size (nm) 258.5 ± 5.0 
Sand grain size (µm) 200 
Column diameter (cm) 2.6 
Column height (cm) 30 
Porosity 0.39 ± 0.03 
Dead/Pore volume (cm3) 62.1 ± 4.5 
pH 7.23 
Colloid / water flow (cm3 min-1) 0.260 ± 0.005 
 
The elution of the conservative tracer and Eu doped silica colloids from the column 
as a function of total volume eluted is shown in Figure 69. Tritiated water was used 
as the conservative tracer, since it would not exhibit anion exclusion effects. The 
column porosity was calculated as the ratio between the volume filled with water 
(Vw) and the total volume of the column (VT). The volume filled with water was 
measured as the volume at which tritium started to be detected in the outlet of the 
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column. The total volume and the porosity of the column were calculated by 
Equations 4.2 and 4.3, respectively 199. 
 
lrVT 4
2pi
=  Equation 4.2 
T
w
V
V
=φ  Equation 4.3 
 
Where r and h are the diameter and the height of the column, in cm, respectively, and 
φ  is the porosity. The average porosity resulted in 39.0 ± 3.0%, which is in 
agreement with values reported by previous studies (between 37.7% and 47.7% 
198,200,201). 
 
The breakthrough curve for both the tritiated water and the Eu doped silica colloids 
as a function of the total volume eluted can be seen in Figure 69(a). The 
breakthrough of the Eu doped silica colloids was followed by gamma counting since 
it was the 152Eu radiolabel, rather than the silica colloids, the element measured.  
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Figure 69. Recovery of Eu doped silica colloids and conservative tracer through sand column 
(pore volume = 60.75 cm3). (a) Whole experiment and (b) Beginning of the breakthrough. 
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It can be seen that after starting the upflooding of Eu doped silica colloids, C/C0 soon 
reached 0.90 and fluctuated between 0.87 and 0.98, indicating that little retention of 
colloids took place and almost full throughput was attained. On downflooding, the 
Eu doped silica colloids returned to zero with little tailing, indicating again slight 
interaction between the silica colloids and the column. 
 
Figure 69 (b) shows the beginning of the elution curve, where it can be observed that 
the Eu doped silica colloids elute at a similar velocity as the conservative tracer. 
Previous studies have shown that breakthrough of silica colloids took place slightly 
faster or at the same time than tritiated water 198,165,174. The slight retention observed 
in the experiment is most probably due to the electrostatic repulsion occurring 
between the negative surface charge of both silica colloids and the quartz sand bed in 
the column 174. Several studies have observed little or no retention of negatively 
charged colloids passing through quartz sand columns 169,166,168,202. 
 
The high recovery of Eu doped silica colloids suggests that the 152Eu radiolabel was 
stable throughout the whole experiment. Studies investigating the elution of 152Eu 
through a sand column in the absence and presence of colloids showed a 20% 
recovery of 152Eu after approximately 20 pore volumes in the presence of colloids 
and no recovery in the absence of colloids 198. Therefore, the detection of 152Eu can 
be attributed solely to the 152Eu doped silica colloids. 
 
The total recovery of Eu doped silica colloids at the end of the experiment was 
calculated from the ratio of the overall activity measured from the outlet and the 
initial activity in the inlet, i.e. 3.38 kBq were recovered from the original 4.05 kBq  
in the suspension. These results yielded a 83.4% recovery of Eu doped silica colloids 
at the end of the downflood with DI water, indicating partial retention of the silica 
colloids in the sand column. A second wash with DI water was carried out, but no 
significant activity was detected in the outlet, suggesting the possibility that colloids 
were retained in the column in some manner that the colloids could not be released 
by further elution. 
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4.3.2.2. Migration of Cs associated to Eu-doped silica colloids 
4.3.2.2.1. Sorption of Cs to silica colloids 
The migration of 137Cs contacted with Eu doped silica colloids was studied through a 
column of the same dimensions as the one described in the previous section. Prior to 
these experiments, the sorption of Cs onto silica colloids was investigated by means 
of batch experiments to study the extent of sorption of Cs onto silica colloids. The 
sorption isotherm as well as the percentages bound are shown in Figure 70 and 
Figure 71. 
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Figure 70. Sorption isotherm of Cs sorption onto silica colloids at pH 7. 
 
The sorption isotherm shows a rapid increase of the amount of Cs bound with 
increasing Cs in solution, to a point where it curves and saturation begins. The slope 
of the linear part of the curve corresponds to the Rd value, which has a value of 
approximately 65.3 ± 4.1 dm3 kg-1 under the conditions studied (pH 7 and ionic 
strength 0.05 mol dm-3). This value is significantly higher than that observed by 
Flury et al. 203, who measured for 0.01 and 0.1 mol dm-3 ionic strength Rd values of 
0.550 and 0.274 dm3 kg-1, respectively. The difference in Rd values are due to the 
different particle size of silica colloids used in this experiment, as opposed to non-
colloidal particles used by Flury et al.203. Smaller particles provide a larger surface 
area where metals can bind to (discussion in Chapter 2). 
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The sorption percentages (Figure 71) show how, even at lower Cs concentrations, the 
sorption percentages show a maximum of 50% sorption. The findings are in 
agreement with Bascetin et al. 204, who observed a sorption of Cs onto silica gel (15 
to 40 µm in particle size) lower than 40%. The slightly higher sorption percentage 
observed in Figure 71 is probably due to the smaller particle size (253.7 nm) used in 
the present experiment. 
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Figure 71. Sorption percentages for Cs sorption onto silica colloids at pH 7 and ionic strength 
0.05 mol dm-3. 
 
Modelling 
The sorption behaviour of Cs onto silica colloids was modelled by fitting the 
isotherms to the Langmuir, Freundlich and D-R isotherms. 
 
The parameters obtained from each isotherm, as well as the fitting parameters are 
shown in Table 44. The Langmuir model did not fit the experimental values, as 
reflected by the low R2 value observed. The Freundlich and D-R models could 
explain the sorption behaviour of Cs onto silica colloids. 
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Table 44. Modelling parameters for Cs sorption onto silica colloids. 
Langmuir 0.9282 
Freundlich 0.9925 R2 
D-R 0.9917 
F = 7.63 
n = 0.76 ± 0.03 Freundlich parameters 
Qmax = 2.75 x 10-2 mol kg-1 
K = (6.21 ± 0.03) x 10-3 
D-R parameters 
E = 8.97 kJ mol-1 
 
The Qmax parameter calculated (2.75x10-2 mol kg-1) corresponds to the maximum 
amount of Cs that would sorb onto the surface of the silica colloids. This value 
would correspond to the plateau which the curve tends to in the isotherm (Figure 70). 
It can be observed that although the predicted value is in the same order of 
magnitude as the experimental value, it is slightly lower than the observed value in 
the isotherm, which is approximately 4.5 x 10-2 mol kg-1. The results from modelling 
shown in Table 44 are in good agreement with the findings reported by Bascetin et 
al. 205 and Pathak et al. 206 (see Table 45 for comparison). Noell et al. 174 reported a 
Kd value of 23.8 ± 1.2 dm3 kg-1 and a Freundlich parameter n = 0.88 ± 0.01. The 
sorption energy (E) calculated from the D-R model resulted in 8.97 kJ mol-1, which 
is also in agreement with the literature. This value of energy suggested an ion 
exchange sorption mechanism. 
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Table 45. Comparison of modelling parameters for Cs sorption onto silica colloids. 
 Experimental E. Bascetin 205 P.Pathak 206 
n (Freundlich model) 0.76 ± 0.03 0.82 0.71 ± 0.02 
K (D-R model) x103 6.21 ± 0.23 6.3 6.18 ± 0.14 
E (D-R model) (kJ mol-1) 8.97 8.91 9.00 ± 0.09 
 
Desorption 
Desorption of Cs from silica colloids was studied by adding fresh deionised water to 
the previously sorbed Cs silica colloids. The desorption isotherm is shown in Figure 
72, where the slope indicated that only 11.1 ± 1.2% of the Cs bound to the silica 
colloids was desorbed after a 24 hour period. However, the desorption of Cs from 
silica colloids was non-linear. The percentages of desorbed Cs increased with the Cs 
bound. 
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Figure 72. Desorption of Cs from silica colloids at pH 7 and ionic strength 0.05 mol dm-3. 
 
4.3.2.2.2. Migration of 137Cs associated to Eu-doped silica colloids 
The findings in the investigation of Cs sorption onto silica colloids suggested that Cs 
sorption to silica colloids took place via an ion exchange mechanism. A spike of Cs 
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was contacted with an aliquot of Eu doped silica colloids and left to equilibrate for 1 
hour. Prior to flooding it through the column, an ion exchange resin was added to 
remove any excess Cs ions remaining in solution. The results for both Cs and Eu 
doped silica colloids breakthrough are shown in Figure 73. 
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Figure 73. Cumulative recovery of Cs and Eu doped silica colloids through a sand column (Pore 
volume = 71.3 cm3). 
 
Figure 73 shows the breakthrough for the conservative tracer (tritiated water), 
superimposed onto the breakthrough of Cs associated to silica colloids and Eu doped 
silica colloids, as well as their elution with DI water. Four main aspects can be 
highlighted from the breakthrough curve, concerning both the migration of Eu doped 
silica colloids and Cs+ ions:  
(a) A slight delay on the breakthrough of both the colloids and the Cs can be 
observed with respect to the conservative tracer.  
(b) Approximately 4.2 kBq of Eu (Eu doped silica colloids) were flooded in the 
column, from which 3.31 kBq were recovered by the end of the experiment, 
yielding a 78% recovery of Eu doped silica colloids. 
(c) Less than 20% of Cs associated to silica colloids was recovered.  
(d) Tailing appears upon downflood of both the Eu doped silica colloids and the 
Cs associated to the silica colloids. 
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The migration of silica colloids through the sand column was markedly different 
when the colloids were associated with Cs+ ions. The experimental observations will 
be discussed in order to understand the effect of the introduction of positive charges 
in the system studied.  
 
In the absence of Cs (Figure 69) the Eu doped silica colloids eluted similarly to the 
tritiated water, suggesting that the electrostatic repulsions between the sand and the 
silica colloids prevented the silica colloids from being retained in a significant extent. 
However, the presence of positive charges altered the system, introducing attractive 
van der Waals forces between the exchangeable Cs cations attached to the silica 
colloids interacting with the sand in the column. These interactions resulted in the 
retardation of the migration of the silica colloids, as well as in the retention of Eu-
doped silica colloids.  
 
The total retention of Eu doped silica colloids was calculated as the ratio between the 
activity measured in the effluent at the end of the experiment (3.15 kBq) and the 
activity in the inlet (4.25 kBq). These results showed a 74.3% recovery of the Eu 
doped silica colloids. Compared to the recovery obtained in the absence of Cs ions 
associated to the silica colloids (83.4%), the value calculated in this section is 
slightly lower, suggesting again that the presence of Cs altered the migration 
behaviour of the silica colloids. 
  
The elution and downflood of Cs occurred at the same time as the silica colloids, 
indicating that the recovery of Cs is due to association with the colloids. 
Furthermore, the elution of Cs takes place after 1.2 pore volumes, whereas in the 
absence of colloids, Saiers et al. 207 observed elution of Cs after 10 pore volumes 
through a quartz sand column at pH 7.2 and ionic strength 0.01 mol dm-3. Moreover, 
prior to flooding the column with Cs associated to silica colloids, cation exchange 
resin was added to the equilibrated suspension to remove any free Cs from 
suspension; therefore, any Cs passing through the column was bound to the silica 
colloids.  
 
The total recovery observed for Cs was approximately 13% (0.58 kBq were 
measured in the effluent from the original 4.4 kBq in the inlet). Monitoring of the 
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activity along the column with a NaI detector took place at the end of the experiment. 
The monitoring showed that the majority of the Cs activity was removed within the 
first third of the column, followed by a plateau at the top of the column (Figure 74). 
No 152Eu activity (associated to silica colloids) could be detected, as the NaI detector 
gave no readings, or backgroung readings in the region of interest corresponding to 
152Eu. 
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Figure 74. Measurement of 137Cs activity (4.4 kBq) with NaI detector (ROI = 282 – 354) along 
column length after flooding of column with Cs associated to Eu doped silica colloids and DI 
water. Segments measured for 40 minutes. 
 
Figure 74 shows the intensity of the activity in each segment of the column, 
represented by the counts measured by the NaI detector. The counts represented are 
the net counts recorded by the instrument, with the background counts substracted. 
The initial activity that was flooded in the column was measured as well prior to its 
flooding. The instrument recorded 144540 ± 228 net counts for this sample.  
 
Two regions can be distinguished: during the first 10 cm of the column, strong 
retention of Cs onto the sand took place; Cs desorbed from the silica colloids and 
sorbed onto the sand, via an ion exchange mechanism. Beyond the first third of the 
column, a constant distribution of Cs along the column could be observed. Further 
injection of the column with DI water did not cause any significant extraction or 
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displacement along the column of Cs (Figure 76); moreover, the measurement with 
the NaI detector yielded a similar pattern as the one observed in Figure 74, indicating 
that Cs was not being transported any further by deionised water (Figure 77). 
 
The results shown by the measurement of the γ-activity by the NaI detector appear 
contradictory with some of those shown by the measurements carried out in the γ-
counter: 
 
(1) The activities measured for each segment along the column added approximately 
174557 counts, which are higher than the initial smple (approximately 144540). 
These results suggest that, not only that all the Cs which passed through the column 
was retained, but also that some extra activity was detected. These results are 
opposed to the approximate 87% retention found from the breakthrough curve.  
 
The measurement of γ-activity along the column was carried out in such way that the 
end of one segment corresponded to the beginning of the following one. Although 
the lead bricks proved to be effective at shielding the detector from the rest of the 
column (control experiment detailed in Table 40), the extra γ-activity observed might 
be due to overlapping activities from the adjacent segments. Assuming this, an 
overlap factor (φ) may be defined as: 
 
72.0
174557
87.0144540exp
===
x
A
A
observed
ectedϕ  Equation 4.2 
 
Where the expected activity of Cs retained in the column at the end of the experiment 
(Aexpected) would be approximately an 87% of the initial activity that entered the 
column. The Aobserved corresponds to the sum of the activities measured in each of the 
segments. Once the overlap factor is established, a new curve, more realistic of the 
Cs activity retained in each of the segments can be drawn (Figure 75). The shape of 
the diagram is the same as that prior to considering the overlap effect, but the net 
counts are smaller. 
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Figure 75. Corrected net counts for Cs retention along the column. 
 
(2) The breakthrough curve showed that the levels of γ-activity from 137Cs reached 
zero at the end of the experiment (Figure 76), suggesting that only 137Cs associated to 
colloids were eluted from the column and free 137Cs was retained in the column. 
When the NaI detector was used to find out the distribution of free 137Cs along the 
column, constant values for the γ-activity of 137Cs were recorded at the top of the 
column (Figure 74). Possible reasons for this findings include: 
• The constant values of approximately 4000 net counts appear to be a baseline 
from the NaI detector. However, the background counts were substracted. 
• Perhaps some movement of the suspension took place when the column was 
changed position for its measurement in the NaI detector, although maximum 
care was taken. 
• The readings in the γ-counter for Eu-doped silica colloids showed that 25.7% 
of the colloids had been retained in the column. However, the NaI detector 
was unable to detect γ-activity coming from Eu. This could be due to a 
homogeneous distribution of the Eu-doped silica colloids along the column, 
which would result in a low γ-activity per segment. Assuming that these 
colloids were Cs-bound silica colloids, a baseline in 137Cs activity could be 
explained by the homogeneous distribution of Cs-bound Eu-doped silica 
colloids along the column. 
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Figure 76. Breakthrough curve for second flush with DI water through Cs associated Eu-doped 
silica colloids - sand column 
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Figure 77. Na-I detector pattern for second flush of DI water through Cs associated Eu-doped 
silica colloids - sand column 
 
Modelling 
An attempt to model the retention of Cs associated to silica colloids was made by 
using some simple calculations, where the column was divided into 15 segments, 2 
cm long each. The model assumed equal retention of Cs onto each segment. Previous 
measurements showed that the column retained approximately 86 – 87% of Cs, or, in 
other words, that the total recovery of Cs was 13.2%. With these data, the model 
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predicted 12.5% retention in each segment. A scheme of this can be seen in Figure 
78. This model would allow to understand the distribution of the retained Cs along 
the column. 
 
 
Figure 78. Modelling approach for Cs migration through sand column in the presence of silica 
colloids. 
 
Figure 78 shows the breakthrough of Cs passing through the column in the case of 
equal retention in each segment of the column. A 12.5% retention in each segment 
was assumed for the modelling so that the total Cs recovered coincided with the 
experimental observation (approximately 13.5%). The numbers in italics show the 
percentage of Cs going through each segment. A plot of the expected retention 
predicted by the model and the measured retention is shown in Figure 79. The simple 
model failed to reproduce the experimental findings. 
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Figure 79. Modelling of Cs through sand column when associated with silica colloids. 
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4.4. Conclusions 
The aims of this study were to synthesise stable Eu-doped silica colloids, and use 
these as a tool to investigate the migration of silica colloids through a sand column.  
 
The Eu-doped silica colloids were succesfully synthesised by modification of a 
known method. Stability experiments were performed and indicated that the colloids 
were sufficiently stable to use them for migration experiments. Also, the stability of 
the radiolabel was such that the radiolabelled colloids could be detected and 
quantified by radiometric measurements. 
 
The transport of Eu-doped silica colloids was thus studied radiometrically, showing 
near-complete recovery of silica colloids when passed through a sand column. The 
study also revealed low retention and little tailing of the silica colloids; results which 
were expected due to the similar nature of both silica colloids and sand, where the 
major interaction would be electrostatic repulsion, generating a rapid migration of 
the colloids through the column. 
 
Using the same radiometric techniques, the migration of Cs ions when associated to 
Eu doped silica colloids was investigated. This experiment proved an enhancement 
of the transport of Cs by silica colloids, as approximately a 13% recovery was 
observed. The interaction of Cs+ ions with the silica colloids and the surface of the 
sand in the column slightly retarded the transport of silica colloids through the 
column. 
Conclusions                                                                                        Page 191 of 214 
Chapter 5. CONCLUSIONS AND FURTHER WORK 
The work presented in this thesis is divided into three parts: (i) the sorption of metals 
onto colloidal particles; (ii) the effect that organic colloids, HA, have on such 
sorption; and (iii) the effect that colloids may have on the migration of radionuclides. 
 
The stability of colloidal particles is one of the necessary conditions for migration of 
colloids to occur, as non-stable colloids flocculate or coagulate leading to retention 
of the particles. The main parameters influencing stability are pH and ionic strength. 
Findings reported in this work have shown that stability of boehmite and 
montmorillonite colloids is achieved at low concentrations of ionic strength. The 
dependence of the stability of these colloids with pH was opposite for each of the 
colloids, due to the difference in overall positive charge for boehmite and negative 
charge for montmorillonite, which caused boehmite colloids to achieve stability at 
low to neutral pHs, whereas montmorillonite colloids would gain stability at neutral 
to high pHs. The stability of boehmite colloids was found to depend on the 
concentration of HA present; low and high concentrations promoted the stability of 
colloids whereas intermediate concentrations caused flocculation and coagulation. 
 
Given stable colloidal suspensions in motion with groundwater flow, radionuclides 
found in the subsurface may interact with these suspensions, thereby enhancing the 
transport of contaminants. Chapter 2 focused on the sorption of metals onto two 
different colloidal minerals. Results showed that metal sorption onto the colloidal 
suspensions occurred and this sorption was quantified by the distribution ratio, Rd, 
which is the ratio between the surface-bound metal concentration and the  
concentration of dissolved metal in solution. Despite boehmite having an overall 
positive charge, the metals showed affinity for the hydroxyl groups on the surface 
and bound effectively to the colloids. 
 
The sorption of metals was also measured on the solid phases of the same minerals. 
The general trend observed was that sorption was higher on the colloidal phase. A 
quantitative approach introduced an Rd relationship between colloids and solid 
surfaces by a proportionality factor, which for boehmite used the ratios between the 
cation exchange capacities of the colloid and the solid multiplied by the charge of the 
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metal. This approach however, was only examined for the experimental values 
obtained for boehmite. Further research includes the application of this mathematical 
approach to different colloidal systems, i.e. montmorillonite, bentonite, goethite. The 
success of such mathematical approach would be time-saving in the calculation of 
distribution ratios for binary systems with metals and colloids. 
 
Knowledge of desorption processes is relevant in order to assess the transport of 
radionuclides through the Geosphere because the enhancement of the transport of 
contaminants is achieved if the association is irreversible. Results reported herein 
indicated that Ni desorbed by 50% from colloidal montmorillonite, whereas Eu only 
desorbed by 3%. The findings suggest that Eu could be transported by 
montmorillonite longer distances than Ni, due to the low desorption percentage 
exhibited by the former. 
 
Both ion exchange and surface complexation were used to explain the partial 
reversibility observed in the sorption of the minerals. Ion exchange would account 
for the desorption of the metal by replacement by other metal ions present in 
solution; whereas surface complexation would explain the irreversible fraction of the 
sorption, i.e. chemical bonding of the metals onto surface sites led to their fixation to 
the surface. The mechanisms of sorption, however, were qualitative and based on 
findings reported in the literature.  
 
The specific surface area of colloids was measured by the BET method, which 
involved the solidification of the colloidal suspension. During this process, the 
surface of the colloids was altered by the formation of aggregates. The sorption of 
dyes has been used to measure the specific surface area of colloids like 
montmorillonite. However, on an attempt to use the same method on boehmite 
colloids, the use of four different dyes yielded unsuccesful results. Further work in 
this field is strongly suggested, as measurement of this property by drying processes 
have shown to affect negatively the results obtained. 
 
Humic acids are ubiquitous in all natural soils, thereby affecting the stability of 
colloids as well as the sorption of metals onto them. The findings reported herein 
were consistent with those found in the literature and suggested a decrease in the 
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sorption of metals onto boehmite colloids in the presence of HA, when compared to 
that observed in the absence of humics. Thus, transport of radionuclides by inorganic 
colloids would probably be hindered in the presence of HA. 
 
An attempt to model the influence of HA, using the LAM was applied to the ternary 
system. The application of the LAM was successful assuming that the fraction of HA 
bound to the colloids was close to unity. 
 
The stability of boehmite colloids was clearly influenced by HA concentration. The 
repulsive interactions introduced by HA at intermediate concentrations favoured 
flocculation and coagulation of the particles. As the boehmite concentration of 
colloids increased, HA concentration necessary to induce flocculation also increased. 
Hence, at higher colloidal concentrations, batch sorption experiments should be 
carried out to investigate whether the LAM could be applied. Due to comparison 
with the results carried out in Chapter 2, these experiments were not analysed. 
 
As stated in the introductory chapter, for colloids to be of relevance in the migration 
of radionuclides, two of the factors to be met were (1) sorption of metals onto the 
colloids, which Chapter 2 investigated for two colloidal minerals; (2) and the 
mobility of colloids with groundwater flow. Chapter 4 investigated the mobility of 
silica colloids and also investigated the facilitation of Cs transport by silica colloids. 
 
The migration of colloids was assessed by studying the mobility of silica colloids 
through a sand column. Rather than traditional spectroscopic techniques, a 
radiolabelling technique was used for radiometrically detecting the colloidal phase 
along the length of the column. For this experiment, stable silica colloids were 
labelled from early stages of the synthesis so that the radiolabel would be embedded 
in the structure of the silica at the end of the process. Migration experiments showed 
that silica colloids migrated through the sand column with little retention. Moreover, 
the mobility of Cs was enhanced by the presence of colloids.  
 
Overall, the investigations carried out herein clarify the interactions of multi-valent 
metals with colloidal particles, the influence of HA on these and the influence 
colloids may have on the mobility of radionuclides. Considering the results observed, 
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it is suggested that colloidal phases present in the environment may significantly 
alter the retention of contaminants, particularly radionuclides by enhancing their 
transport, to a higher or lower extent, depending on the reversibility. 
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PERSONAL DEVELOPMENT TRAINING 
Date & Location Title Training Type Duration 
6th – 7th November 
2006, Loughborough 
University 
Long Term Nuclear Waste 
Management: Next Steps 
Conference 
attendance 
2 Day 
15th November 2006, 
Loughborough 
University 
Induction Day 
Orientational 
course 
1 Day 
29th November 2006, 
University of Leeds 
RSC Annual Meeting  1 Day 
11th December 2006, 
Louhborough 
University 
Designing and Producing 
Conference Posters 
Training course ½ Day 
6th February 2007, 
London 
A report of the 
Loughborough Workshop 
 1 Day 
8th – 9th February 
2007, Sellafield 
Underpinning Assessment 
Sciences Programme 
Symposia 
Tour and open 
day 
2 ½ Day 
8th March 2007, 
Loughborough 
University 
Talks on Analytical 
Chemistry 
Lecture series ½ Day 
28th March 2007, 
Loughborough 
University 
Report Writing  Training course ½ Day 
17th – 19th April 2007, 
Loughborough 
University 
COGER 
Conference 
attendance and 
presentation of 
first year work 
3 Day 
25th April 2007, Leeds 
Latest Developments in 
Particle & Material 
Characterisation 
Complimentary Seminars 
Lecture series 1 ½ Day 
30th May 2007, AQUANET Colloids Conference 2 Day 
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University of 
Birmingham 
Workshop 2007 attendance 
25th – 30th August 
2007, Münich, 
Germany 
Migration Munich 
Conference 
attendance 
7 Day 
January – September 
2007, Loughborough 
Malvern Instruments 
Webinars 
Online lecture 
series 
1 Day 
23rd January 2008, 
BGS, Keyworth 
Talk by Dr. Patrick 
Landais 
Lecture 
attendance 
½ Day 
30th January 2008, 
Loughborough 
University 
Teaching Skills 
Professional Development 
Course 
Training course 1 Day 
7th February 2008, 
Sheffield 
Environmental Process 
Symposia (Nexia 
Solutions) 
Conference 
attendance 
1 Day 
7th – 9th April 2008, 
University of 
Nottingham 
COGER 
Presentation of 
second year 
work 
3 Day 
16th April 2008, 
London 
Young Researchers 
Meeting 
Presentation 1 Day 
23rd April 2008 
PhD Research Training 
Programme: Plagiarism 
Training course ½ Day 
2007 – 2008 
Physical Chemistry 
Foundation Year & First 
Year 
Laboratory 
Demonstrating 
+ 50 
Hours 
6th – 7th October 2008, 
Barcelona 
3rd FUNMIG Training 
Course 
Workshop 
attendance 
2 Day 
3rd – 6th August 2009, 
Glasgow 
IUPAC Congress 
Poster 
presentation and 
conference 
attendance 
4 Day 
21st – 24th September 
2009, Kennewick, 
Migration Seattle 
Poster 
presentation and 
4 Day 
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Seattle conference 
attendance 
2006 – 2009, 
Loughborough 
University 
Radiochemistry Group 
Meetings 
Group meetings 
and 
presentations 
Weekly 
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